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COMPARATIVE STUDY OF MAJOR ORE D 
CENTRAL BOLIVIA. PART I 
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[he present article 7, e major ore deposits of the Eastern 
Andes ¢ central Be the tin deposit oT Liallagua Huanuni and 
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it Potosi, Llallagua and Oruro are sociated with porphyry intrusior 
é ddle ) Tertiary age ereas the veins of Huanuni and Morococala 
occur in altered sedimentary rocks In the Llallagua-Oruro region, the 
Paleozoic sedimentary rmation f northwesterly trend are cut by 
numerous transverse faults, many of which seem to be related to the early 
olding lwo longitudir faults of the strike-slip type at Llallagua be 
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Mineralization was long cont the Iteration largel 
prece ed el filling Chlorite r te 1 tz e « iracterist 
both the tin and tin-silver deposit tourmaline occt th the t 
ores. Minerals typical of the tin veins are tz issiterite, b 
muthinite pyrrhe tite, stannite, marcasite, pyrite, siderite al nor te 
lite or franckeite The tin-silver ores contain cassiterite, | te, stannite 
sulfosalts of lead and silver, alunite and kaolinite. Many othe 
occur in lesser amounts 
\n unusual temperature range is indicated; maximum te erature 
of 400° to 500° C were probably reached during the early stages « 
mineralization, the temperature decreasing to 100° C as muneralizatior 
came to a close. Early deposition took place in a neutral to slightl 
lkaline environment, but the vein mineralogy suggests that the solutior 
became htly ac uring the late stages « ein growth. Cassiterite 
issociated with pyrrhotite in the tin ores but with pyrite in the tu 
er ore ont t that \ t elate t t sulfur concentratior 
of the ore fl 
[he ore deposits were for n the near-surface, volcanic environ 
ent, characterized by extreme nges in temperature and pressure 
Rapid drop in pressure vell as in temperature may have been a factor 
n the change fror lica deposition to silica leaching during hydrothermal 
Iteration, in the rmation of | za ore 1oots, and in the develop 
ment ot o flu ‘ ul reactior Combining the tures of high ten 
perature at hallow depth, the deposits exemplify hermal type 
[he degree « telescoping pe eater 1 t} thar n the 
tin-silver ore 
RODL ¢ IO 


THe metallogenetic province of the Eastern Cordill 
has long been famous for deposits of tin and silver, 


significant d 


mony. In the northern part of the province, the 


related to the small batholiths of the Cordillera 


leposits of other metals, notably tungsten, lead, 


Bolivian 
It also i 


zinc, and 


Andes 


1 
cludes 


anti 


ck ysely 


<hibit a zona 


arrangement witl respect to the imtrusive In central Bolivia, the deposit 
are irregularly distributed at ick the unity of those to the nortl 
In the present review, five outstanding ore deposits of the Eastern Cor 
dillera of central Bolivia have been selected for nparis he tin-silve 
deposits of Potosi and Oruro and the tin deposits of Llallagua, Huanuni an 
Morococala (Fig. 1 Che deposits are all of the multiple vein type, ye 
they show wide variation in geological setting and details of struc ure 
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and Oruro; only narrow dikes occur at Huanuni and Morococala. The 

intrusives are cut by the tin and tin-silver veins. The Potosi stock intrudes 

the plant-bearing tuffs; this affords the only direct means of dating the 

igneous activity and associated mineralization of the Eastern Andes. Late( ? 

Tertiary volcanics that are only slightly disturbed occupy a broad area in 
These are ite] later than the ore deposits. 


DISTRICT 


The geological formati Potosi region are given in Table 1, 
ind their distribution is indi on the accompanying map and cross- 


section (Figs. 2, 3 


~ 


si district is of Ordovician 


and consists of shale with a minor quantity of sandstone 
slightly metamory] da is n iccurately described as phyllite or argil 
lite ; the sandstone in pl s grades into quartzite Although locally crumpled, 
the beds generally iorthwest and dip g ly southwest 


In the vicinity of irafl 3s, 15 ke 1 of Potosi, the Paleozoic rocks 


are overlain | uca Tl Lior ; Dhe basal a ember, a Cross bedded 


sandstone some 7 m in thicl is overlain by a section of 100 m com 





iL BOLII 


cross-sectiol! 


Potosi district 


id limestone with an upper Cretaceous 
ilternating beds of marl, mudstone and sand 


the upper part of which may be 


peas 


1,800 m, 


‘olcanic Rocks 
(? Tertiary 
together witl 


district (74 


vy (49 


age includes agglomerate, 
minor shale and sandstone. In 
the volcanic sequence wa 


divided 
indicates that a threefold division 


rABLE 1 


CoLUMN, POTOSI 


District 
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Agua Dulce Formation—The Agua Dulce formation is well exposed in 
the Kari Kari Range and extends 15 km or more west of Potosi, where it 
locally rests on the Puca formatior It has a much greater lateral extent 


' 
] 


than the succeeding formations but ibsent in the immediate vicinity of 


Cerro Rico, where the younger volcanic formations overlap the Paleozoic 


eas 

Che ba member he A Dulce formatior nsists of red shale, red 
and buff sandstone and fine conglomerate This is overlain by distinctive 
indesite flows which contain abundant feldspar phenocrysts \ndesitic tuff, 
glassy flows and coarse breccia are subordinate rock types 

Canteria Formation \ series of volcanic rocks ranging from rhyolite 
to quartz latite and dacite is referred to as the Canteria formation named 
ifter Canteria Ridge (76 Coarse agglomerates at the base are followed by 


breccias, tuffs and thin lava flows: certain tuff beds have a characteristx 


purple color \ noteworthy feature of the formation is the local develop- 
ment of red garnet as an accessory igneous mune ral Agglomerate s and thin 
tuff beds are also found at San Jose Lake, where thev are cut by intrusives 
of the Kari Kari Range An intensely bleached agglomerate, which crops out 
on the highway on the east side of Cerro Rico, is believed to be an altered 
phase of the Canteria agglomerate 

Cerro Rico Formation.—The Cerro Rico formation is composed of three 


members, the Pailaviri conglomerate, the Venus breccia and the Caracoles 


tuff. The Pailaviri conglomerate (23) at the base of the section ranges 11 
thickness from 70 to 170 m in the mine area Although it thins to the nortl 
and south, it has been traced as far as 10 km from the Cerr Che pebbles 
includes shale and quartzite, as well as igneous rocks derived from the Agua 
Dulce and Canteria formations; the finer matrix locally exhibits distinct 
bedding 

iF the Ve idit the * I ie erate Ss si eed | the Ver is 
breccia, « | ed of ng r ragments It igneous arn edimentary rocks 
et in a tuftace itt 1] ember reaches a thickne f 100 m but 

found ni n the the t slope t Cerr L1CO In the Puris i aait 
there seems to be gr t etween garnet-bearing breccia of the Canteria 
type ind a bleached breccia ident th that of the Venus adit 9 

Che P iviri conglomerate commonly overlain by the Caracoles tuff 
hich has an « ed tl ess of 300 It consists of well-bedded asl 
with intercalated layers of breccia, fine conglomerate and sandy material 

Abundant plant remains are found in the Caracoles tuff Berry (7, 8 
classified the flora as late Pliocene, whereas Steinmann (70) and Brugger 
(12 Dp 9] col eres t ft he tinctty older not later tl i \I cene 1 
possibl | t ( \ Idle Tertiary age e Eocene to ear 
Miocene set t t t h the reo] Vv histor of the Ande 1 
the volcan ire ‘ c t he table 

Distr , The r the volcanics } the strict 
| ohly rre I | | tormations Vy rest direc 
the Pale be M ‘ eT ul ts ire lo« il cl if tet ther 








The one at the base of the Canteria formation 
as the underlying Agua Dulce formation has 


Tertiary age include stock 
issociated dik f Cert Chico 

1 eX] wer levels 
Stock rugg ari we, extending from San 
uthwa indacaba, is domi a large irregular body 
orphyry (39, 59 \t Chalviri Lake ea f Potosi, the main 


{ i\ 


i 
is; at S: ( ‘ dikes and sheets of 


cut the Canteria agglomerate (Fig 


typical intrusive tains abundant plagioclase phenocrysts set in a 
fine-grained groundmass henocrysts of potash feldspar are less common ; 


" 


quartz is comparatively rar lhe rock is described as rhyodacite by Koz 
lowski and Smulikowski (41) but is classed as diorite porphyry by Heinrich 
(32 An abut of red garnet as a pyrogenic mineral not only reflects 
a contaminatio f the magma but also indicates a close genetic connection 
between the Kari Kari intrusions and the garnet-bearing volcanics of the 
Potosi district. Reconn 1 in the Kari Kari Range itself also discloses 


] 


cross-cutting ies of | ia and superficial igneous rocks related to the 


diorite stock s likely re, that the Kari Kari Range was the 


SE VE 


area 1,700 m 
passe into a 
cuts the folded 
Near the 

the nN ush 

s, which 


verturned 


le represent 
k of Cerro 
Fig. 2 

levels, the 


f breccia 
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fragments of nonporphyritic igneous rock as well as numerous shale frag- 


ments. Whether the breccia dikes are genetically related to the Potosi stock 
or to the older flat-lying volcanics is unknown 


Late(? Tertiar Volcanic Rocks 


The Huakachi rhyolite, covering a roughly circular area to the south of 
Cerro Rico, consists of tuff and breccia with minor flows, all 


containing 
abundant quartz The formation does not come in contact with the Potosi 


stock, but cobbles of pyritized porphyry enclosed in the rhyolite demonstrate 


its post-mineral age. It is interpreted as an outlier of the Pliocene( ? 


volcanics that occupy the main divide west of Potosi (3, Pp 223-228 ) 


A-ORURO REGION 
Formations 


In the Liallagua-Oruro region, Paleozoic sedimentary formations prevail 
except where capped by late Tertiary volcanics. The stratigraphic section 
first described at Llallagua has now been recognized in other districts and 
this permits a preliminary regional correlation (Table 

Llallagua District—The Paleozoic formations at Llallagua, described 
briefly by Deringer and Payne (21) and Moon (54), consist of nearly 2000 
m of sedimentary rocks (Table 2 The Cancafiiri graywacke, the oldest 


rABLE 2 


LLALLAGUA-ORURO REGION. PALEOZOIC FORMATIONS 


Thickness in Meters 


<)} 


1.000 4 2,000 


Liallagua Fn 
Sandstone 


minor shat« 
250 


0 90 





formation ot listri ccupies the axis of the Llallagua anticline and 


I 


forms a belt 1,300 to 1,500 m in width (Fig. 4 The fresh rock is dark 


gray, but oxidation of scattered pyrite gives the weathered surface a rusty 


brown tone The grayw: is further distinguished by its massive appear 
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The main intrusive bod f Llallagua, the Salvadora “stock,” represents 
i volcanic vent \s exposed in outcrop, the intrusive measures 1,730 by 


1.050 m, but on the 650-meter level the dimensions are reduced to 1,000 by 
700 m (Figs. 4, 12 Several narrow dikes of quartz porphyry also occur at 


Liallagua, most of them having a northwest trend (Fig. 5) 

The Salvadora intrusive is made up of porphyry and porphyry breccia, 
latter containing numerous small fragments of the older sedimentary 
rocks. There is no evidence to 


the 


indicate that one type of porphyry is con 


sistently older than the other; the two comprise essentially a single porphyry 





mass This is highly altered throughout, with the introduction of sericite, 
quartz and tourmaline Che original rock was probably a quartz latite 
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Fic. 8. Geologic map of the Huanuni district showing the central 
tin-bearins ea and veins of the outer zone. 
porphyry (71, p. 19 Che large volume of breccia, the slight degree of 


contact alteration, and the form of the porphyry body support the view that 
the Salvadora intrusive is an explosive vent. Superficial volcanics that might 
be attributed to the vent have not been preserved in the district. 

The largest intrusive of the Oruro district, according to Chace (19, p 
344), is the San Pedro stock, but the ore depgsits are associated with the 
smaller intrusives of San Jose and Itos. The San Jose stock at the surface 
measures 1,700 by 1,000 m and the Itos stock is 1,800 by 1,500 m. In 
depth the San Jose intrusive passes into three dikelike bodies, the most im 
portant having a width of 200 m and a minimum length of 600 m. The 
altered intrusives, characterized by sericite, pyrite, kaolinite and secondary 
quartz, are classified by Chace (19, p. 436) as quartz latite porphyry. Sev- 
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eral quartz latite flows cover a small a ir tl ist margin of the Sai 
Jose stock The flows “appear to grade in massive porphyry which u 
depth is known to be intrusive” , p. 351). This indicates that the in 
trusives of Oruro, like those lallagua and Potosi, are of shallow-seated 
character. 

Three altered dikes of quartz porphyry are found along the eastern margin 
of the Huanuni district. They have a northerly trend, but short segments and 
tongues strike northeast. Occupying a zone of 250 m, the individual dikes are 
roughly parallel and average 35 m in width (Fig. 8). In the Morococala 
district, three or four narrow porphyry dikes cut the Paleozoic shale; one 
altered dike of northwest strike is well exposed in the workings of the Mor- 
ococala mine, where it is cut by the tin-bearing veins. The stock of San 
Pablo, at the northwest corner of the district, is of oval outline and some 
1.200 m across ( Fig 7 The rock is well altered and similar to the in 
trusives of the other districts 

Intrusive Breccias.—Cross-cutting bodies of altered breccia that contain 


ll developed at Llallagua and Oruro and are also 


igneous fragments are we 
recognized at Morococala. The common type of breccia at Llallagua is 
composed of angular fragments of porphyry with smaller fragments of sedi 
mentary rocks, all set in a finely fragmental matrix. Containing abundant 
tourmaline, the matrix generally has a dark gray color (71, p. 19 The 
coarse breccia occurs as irregular bodies up to 50 m across and as dikes 
cutting the light porphyry. Many small cracks in the porphyry are filled 
with fine breccia composed mostly of pulverized rock material. 

The prominent breccia of Oruro, the San Jose breccia, consists of frag 
ments of quartz latite porphyry ; lense argillite in a matrix of fine rock 
material (19, p. 353-356 t ms irregular pipes and dikelike bodies up 
to 600 m in length. * larger lies of breccia occupy the margin of the 


San Jose stock, | mall nses and dikes cut the argillite as well as the 


porphyry 


Breccia wi igneot naterial iot been found at Huanuni, but one 


rreccia body is exp lin two d of the Morococala mine The stock of 


San Pablo is also accompanied by dark breccia containing fragments of 


} 


porphyry set in a dark tourmalinized matrix 
The breccias of Liallagua w probably formed by explosive activity 
connected with the development of the Salvadora vent, and Chace (19, p 


356) attributes the San Jose breccia to explosive action In both districts 


the breccias were formed after e1 placement of the porphyry. The fine 


bably mixed with wat o form a mudlike fluid, was highly 


breccia, pro 
mobile and penetrated many fractures and cracks in the porphyry. 

At Llallagua and Huanuni another type of breccia occurs, the fragments 
of which are composed exclusively of altered sedimentary rocks. This 
breccia, closely related to the mineralization, is described in connection with 


the ore deposits 











\ flat-lying volcanic formation con posed of andesitic and rhvo 


~~ 


i tull 
caps some of the summits at Llallagua and Huanuni and covers fully half 
the Morococala district, where it reaches a thickness of 90 m. It represents 
a part of the widespread volcanic formation of Pliocene(?) age. Some of 
the oxidized veins of the Santa Fe mine at Morococala are covered by 


unaltered tuff, which is definitely of post-mineral age 


I} Cy RAI GEOLOGY 


In reviewing the structural geology, a division has been made between 
features of a regional type that predate the porphyry, and the vein fractures 
and other structural elements that belong to a late period of stress following 


igneous activity 


Folds —The Andean tructure is best displayed by the folded Paleozoi 
formations which have a north to northwest trend. In the mining d 


i 
the average strike of the sedimentary formations ranges from N to N 35° W 
(Table 3) Some folds are asyn metrical with axial plane s inclined to the 
east or west. At Llallagua and Morococala, the fold axes are nearly hori 
zontal, but the Huanuni anticline has the form of an elongated dome. The 
, 


major folds are readily traced by the sandstone beds that cap the high 


ridges, whereas the soft shale formations occupy the lower slopes and broad 
valleys. 

Faults.—Regional transverse faults are most abundant and usually they 
can be divided into several strike groups. Longitudinal faults probably con 


stitute an important part of Andean structure, but they have been noted in 
only a few places. Dike trends are significant as the may provide a clue 
to the pattern of early fracturing. Most faults of the regional type are 
believed to be of early age, but a few cut the porphyry and belong to a 
late period of stress (Table 3 

The Llallagua anticline, which has been n apped by staff geologists (21, 
54), is of complex character and is offset by manv transverse faults (Fig 
} Moon (54, p. 69) distinguished three strike groups among the trans 
verse faults, but in the present analysis only two groups are recognized, one 


striking N 70° W and the other N 66° E (Fig. 9: Table 3 The nortl 


west faults consistently offset those of northeast strike and produce a greater 
displacement of the sandstone beds. The northwest faults show left-lateral 
movement whereas the pattern of northeast faults is variable. The dip ob 
served on 15 transverse faults ranges from 65° to vertical. Three k ngi 
tudinal faults (N 31° W) north of Siglo XX are cut by transverse faults and 
seem to be of earlv age The prominent Uncia and Kala Cruz faults (N 
33° W) are of late age and are described in connection with the vein fra 
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tures. The transvers« 


strike are probably branches 
the Kala Cruz fault 


; 
ot 


The sandstone beds likewise offset by numerous trans 
The principal set strikes N 59° E; 
Five northeast faults cros 


verse faults of steep dip 
a minor set strikes N 


75 able 3 s sand 
angles of dip; these faults show total displace 

with both vertical and horizontal movement 
The Pairumani fault west of Morococala is of uncertain age. It has 
of N 68° W and shows an offset of 2,500 m or more (Fig. 6 
easterly strike (N 8&5 E 
anticline, one on the high ridge south of the 
some 3 km north of the mine area 


on the two limbs of the anticline ex 
and the beds along the axial pl I 


bch bit 


stone belts having different 
ment ranging from 90 to 310 m, 


a strike 
Two transverse faults of cross the Huanuni 
Huanuni River and the other 
8). The sandstone formatior 
extreme difference in thickness, 
an abrupt reversal in dip. These 
facts suggest major thrust faulting along the axis of the fold although the 
planes of movement cannot be identified. Vertical adjustments also took 
place along two sets of early fractures (N 10° E, N 67° W); minor faults 
(N 74° E) of late age displaced the porphyry dikes (Table 3 

Only a few faults have been may 1 at Potosi, those of principal in 


nappec 
pped 
portance striking N 57° E. One prominent fault of N 3° E strike is dis 


4 rie 
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Fy ‘ Regional structut Strike distribution 


five-degree units 


placed by a northwest fault Pre-mineral movement 
that cut the intrusive defines ; t of late faults (N 6° I 

In the Oruro district, where intrusive igneous rocks generally 
the surface, major faults of the regional type have not been 
principal indication of an early fracture system is the tre 


narrow lenses of intrusive 


s Anal 


The pronounced folding » Paleozoi 
the succession of antic] al synclines, 
crust perpendicular to their tr l, with compression acting bf -E-SW 
direction In the Potosi d i a discordance can be noted tw 1 the 


Tertiary volcanics and the Paleozoic shales and sandstones. whereas at 


Miraflores north of Potosi, the Cretaceous (Puca beds dip almost as stee] ly 


as the underlying Paleozoic formations. This indicates two or more periods 
of folding, the most pronounced being in early(?) Tertiary time. after 
deposition of the Puca formatior Folding was resumed at a later stage, as 
the middle(?) Tertiary volcanics are somewhat deformed Che principal 
folding preceded the main period of intrusion; the intrusive rocks show 


no stress effects, and the Potosi stock cuts the Tertiary volcanics that were 


deposited after the main period of deformatior 
Faults developed during the main period of folding are characteristi 


most orogenic belts. Several types of faults may be recognized 


a consistent relationship to the fold axes (6, 2 Many 
regional faults of the Bolivian Andes seen be related to the 


with maximum stress oriented perpendicular t folds in eacl 
observed fault pattern agrees reasonably well wi theoretical requirements 


(Table 4 
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Major overthrusts have not been identified in the mining districts, but 
three longitudinal ] (N 31° W) that cut the overturned limb of the 
| , are interpreted as high-angle thrusts 
il faults and fractures of. the tension 

ot competent beds al ng an anti 

elaxation of compressive stress 

be occupied by some of the dikes that 

It 
comparable perhaps to extension fractures. 
ly represented at both Llallagua and Mor 
faults (N 66° E, N 59° E These show 


oth horizontal and vertical components 


ls may reflect a stretching of the be 


Its with strong strike-slip movement 
They owe their origin to shear com 


voner ft compressive stt and is an extension of the fol 


] 
structure i two conjugat f nearly vertical faults should 
] 1 


ippear, but in field mples, only « of faults may be developed and 
lips 59-111). The early faults of 
I and 
a steep dip and show left-lateral 
theoretical direction of compression 


Morococala are believed to 


novement along several faults has 
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structure Strike distribution of veins in five-degree units 


\lthough certain veins in each district give evidence of displace 
a few meters, there © indication of a significant time difference 

among the several vein groups 
\t Llallagua, regional faulting of late age seems to have initiated the 
«1 of vein fracturing, but elsewhere faults of the regional type do not form 
a conspicuous part of the vein pattern. Faults of post-mineral age are 
notably scarce ; only three of importat ave been mapped in the five districts 


n Systems 


1a is of the lattice type, made up 


W and N 72° E (Figs. 11, 12). 





Liallagua vein system 


veins show more 
group are most 


such as the San Jose 


narrow stringers and 











, 


38 


group is exemplified by the San Fermin 


ind Bismarck. Veins of this grou 


sheeted zones. The N 55° E vein 


ive more evidence of pre-mineral 


movement than do those of the N 30° E group. The N 72° E vein group is 
identified principally by the Contacto vein, which shows considerable gouge 
and brecciation. Veins of the fourth group (N 6° W) are of minor im- 
portance. Two post-mineral faults strike N 14° W and dip 82° W. Most 
veins of the outer zone of pyr mineralization represent mineralized re- 
gional faults, but one veit t (N 1 W ) parallels the axis of the Llallagua 
anticline (Fig. 5 

Potosi.—The veins « tosi, most of which strike northeast, are divided 
into three groups: N 31° E, N ‘and N 6° E (Table 5). The N 6° E 
group includes the strong Ta jlo-Encinas vein system with a prevailing 
westerly dip (Figs. 14, 15 f N 53° E strike are the most pro 
ductive of the lower levels (Utne sy 1), whereas elements of the N 31° E 
group are more prominent i » upper part of the mine, where they make 
up the remarkable sheeted (Figs. 13, 14). This zone attains a max 
imum width of 175 m and is composed of countless veinlets from 1 to 5 cm 
in width. The veinlets are essentially parallel and dip east at a steep angle 
(Fig. 15). The Mendieta-Rica vein system of easterly dip borders the 
sheeted zone of the upper mine levels At greater depth, major elements 
of this system strike more northerly and form a part of the N 6° E strike 
group (Fig. 13). Short veins of northwest strike are of some structural 
significance f nn il portance The Caracoles fault of N 
83° E strike and N ip 1 i post mineral age 
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Morococala (Fig. 16) lack the persistence of 
Fully 85 percent of the veins strike from 
lip approximately 75° E (Table 5 The 
set of N 2° E strike and steep dip, and the 
N 45° W strike and low diy At the Santa 
N 40° W and dip 60° SW 
Nueva veins, which have been highly pro 
(Fig. 17: Table 5). Both dip to 


t L/ 
4 


rt 





Shreated fore 


Wertz ™. 
porphyry MAMACOES 


os 


ENS BAECTIA 
TH ** 0 2 © «@ 
PAIL AVI! COMGL 


c Caraecoles adit 
P Pailavwir’ @ark 











240 F. S. TURNEAURI 


the southeast at a low angle (40-45 In the area to the east and north- 
east, the main veins simulate a lattice pattern; one set strikes N 79° E and 
the other N 9° E. Southwest of the Grande are several veins of the N 79° E 
strike group, but weak veins of N 41° W strike form the second vein set. 
The N 79° E veins generally dip south but the others are more variable. In 
the area to the north, the veins diverge considerably from average trends. 


Veins at the margin of the district (Fig. 8) have about the same strike dis- 


tribution as those of the central zone 
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Fic. 16. Morococala mine. Zone of hydrothermal alteration and vein system 
Oruro Che veins of Oruro, although widely distributed, are concentrated 
largely in certain places where they form the vein clusters described by 
Chace (19, p. 357 Those of greatest importance are the San Jose and 


Socavon clusters on the east and the Colorado and San Luis clusters on the 


west (Fig. 18; Table 5 Phere no great concentration of veins withir 
a narrow strike range, but there 1 dominance of veins of northwest and 
northeast strike (Fig. 10 Veins of the N 47° W group, such as the Puri 
sima and San [.uis systems, generally dip southwest but numerous hanging 


wall branches have the opposite dip. Veins of the N 23° E group are 
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Ky 17. Generalized plan of the Huanuni vein system 


confined mostly to the ( rado section, whereas those of N 55° E strike 
ire prominent in the San | e area There is also an indication of two minor 
vein groups ne strikes N 1 W as exemplified by the ( duintanilla vein ; 
the other strikes N 84° W and is represented by the strong Bronce vein 
Stres {nal 

Che presence of countless veins that cut the intrusive rocks affords proof 
that a major period of stress followed intrusive igneous activity Also be 
longing to the late period of stress are certain faults of the regional type, a 


ew of which seem to be closely related to the vein fractures The structural 
elements can be divided into several strike groups which can be correlated 


vith regional stress, but the variability ir dip is more difficult to reconcile 
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with any simple stress system (Table ¢ Nevertheless, both dip and s 
should be taken into account in any analysis of causative stress (50, p. 1 
Morococala.—The Morococala vein system consists essentially of a single 
vein group having an average strike of N 34° E and dip of 75° E (Fig. lt 
The veins are narrow, regular and sharply defined. They have the chara 
teristics of tension or extension fractures, with maximum stress acting parallel 
to their trend. Their departure from vertical suggests that the axis of 
minimum stress, or direction of easiest relief, was slightly inclined (Table 6 


\ few short veins of N 45° W strike and low dip might be compared with 


small thrust faults, oriented at right angles to the pressure. The closest 
parallel to this type of pattern is found in the laboratory experiments de 


? 


scribed by Mead (53 A rubber sheet coated with paraffin was subjected 


1 


to rotational force. Vertical conjugate shear planes and tension fractures 
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developed in the brittle layer, together with a few minute thrusts oriente 


perpendicular to the tension cracks. Perhaps the block of ground at Mor 


ococala, which consists of brittle, silicified graywacke, was fractured by 
similar rotational force with maximum stress oriented approximately N 
34° E. One poorly developed set of shear planes may be represented | 
the minor veins of N 2° E strike 

Potos The Tajo Polo-Encis vein system is a dominant feature 
the Potosi vein pattern and it largely defines the N 6° E vein grouy he 
nain veins dip uniformly west (70 ilthough a few branch veins and 
necting stringers dip east The Utne veins average N 53° E and stand near 
vertical \lthough mat of the individual veins are short and irregular 


the Utne vein gr up 1s persistent at | essentially mpletes e vel 
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re ntrol5 
= + _ _ 
: cures 
* rupture 
4 arie e 4i relate are y rol 
5 ravity r maximum stress ert 7 intermediate etress |! nS z am 
of the lower levels (Fig. 14 Che Utne elements suggest tension breaks 
hereas the stronger, more regular veins of the Tajo Polo type may repre 
sent shears (Table 6 Che true angle between the two vein sets is 51 
which is greater than the usual angle between shear and tension fractures 
[his stress orientation, however, is favored as it seems consistent with vein 
haracteristi Moreover, the angle of 51° is not a precise figure as it is 
based upon average dip and strike; the true angle between certain major 
veins of the two grouy n the lower levels is as low as 40 The line of 
ntersection of the two vein sets, the intermediate axis of the stress ellipsoi 


The N 31° E vein group includes the narrow veins of the sheeted zone 


is well as several persistent veins of the upper levels Veins of the group 
onsistently dip east at 75 he strong Mendieta-Rica vein system, whicl 
borders the sheeted zone, belongs to the N 6° E vei group, but unlike the 
Tajor Polo, it dips to the east (72 The complex of veins of easterly diy 
f the upper levels merges in depth with the transverse Utne vein system 
Figs. 13, 14 \ngular relations in plan suggest that the N 6° E veir 
group ( Mendieta-R N 53° E vein group (Utne may represent 
shear planes, whereas the } 1° E vein group ma rrespond to tensiot 
racture Chis interpretatior strengthened by the distinctive character 

the N 31° E vein group; it made up mostly of narrow, parallel veis 
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On the assumption that N 6° FE dN 52° E vein groups represent conjugate 
shears, the plane of tension failure bisecting the angle between the two shear 
planes should strike N 30° EF and dip 78° E (Table 6 This calculated plane 
rees closel r" attitude of the sheeted zone, N 31 ke 
and dip of 7 | ! 0 ion of the three planes has a plunge 
of 70° NE (N 66° EK 

\lthough the analysis presented is far from precise, it does suggest that 


ol rupture ae 


, 
s 
4 


a stress system of the general type proposed may, indeed, account for the 
Mendieta-Rica and associated vein systems and for the change in pattern 
with depth. The stress orientation, however, differs considerably from that 
of the Tajo Polo systen This difference may be a reflection of contrast in 
bed rock geology of the two areas, or more likely it may signify a change in 
stress during an extended period of fracturing Deformation started, per- 
haps, with the formation of the Tajo Polo system and the Utne group; it 
continued under modified stress conditions with development of two vein 
systems of easterly dip and J 

The sheeted zone of N 31° E strike is marked by a few narrow veins of 
N 61° W strike, not unlike the crossings at Morococala. The Potosi veins, 


however, generally have a steep dip (70-90 \ possible explanation is 


a reopening of the Utne fractures 


s 


that with continued fracturing, the force of gravity became dominant and 
the direction of maximum stress approached the vertical. With maximum 


| vertical shears might appear, comparable to 


stress inclined, at say 60°, smal 
normal faults produced by vertical forces 

The Caracoles fault strikes N 83° E and N Its attitude is at 
variance with the stress systems that best account for » vein fractures, and 
movement along the fault is largely post-mineral. The fault evidently is the 
result of late structural adjustment of the gravity tvpe, with a vertical con 
ponent of movement of about 50 

Llallaqu In an early study (71 f the Llallagua vein pattern, emphasis 


was placed upon reg il stress to account for the observed relationships 


ubsequently Moon (54) presented an improved analysis, in which he cor 
related the vein fractures with two major faults of the strike-s 
results were not entirely satisfactory McKinstry (50, p. 184; 


that some o lifficulty 1 irise because of successive stages of fracturing, 


ip type. but 


pP 
] suggests 


and he also i it th: >| rn in vertical sect hz ne of the 
characteristics ‘ ity ) oO ‘19 1 e present 
gives reasonably good u two maj pisodes of fracturing are involved 
regional stress at an early ag 1 | the framework of the pattern; 
gravity provided the dominant % during » later stage (Table 6 
Viewed in broad 1 tive, the allagua vein system occurs within a 
block bordered by tw gional | lip Uncia and Kala Cruz, 
whose average stril n tl ni irea j ; ’ (Fig. 4 The net slip 
on the two faults i 5 and 1 I ly Movement on the Kala 
Cruz fault, which diy , was slightly inclined; movement along 
the Uncia fault, a warped surfa ping from 75° W to 70° E, was strictly 
horizontal (54 From t ord concluded that the shear couple 


1 


acted in the horizontal pl " mediate stress axis being about verti 
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racture ig. 12 he t tory explanation for the vem pattert 
1 combinat ( yravit il regio forces 
With the de velopment the t hear faults and early vein fractures 
(N 55° E), regional stress subsided and the effect of gravity increased 
Durit 4 the later stage the force of gravit might exceed the forces acti yg 
in a horizontal plane; the axis of maximum stress would then shift from 
the horizontal to the verti position If the two horizontal stress axes are 


equal, the result would be a radial fracture pattern, but generally the axes are 
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Che characteristic minerals of the altered porphyry are chlorite, sericite 


quartz, tourmaline, kaolin nd alunite Pyrite is abundant at Oruro 
Sericite, quartz and to ali re predominant in the altered sedimentary 


rocks \ little paz | und at Morococala and fluorite at Huanuni 


Altered Rocks 


Llallaqua Sericite, the most common metasomatic product at Llallagua 


replaces phenocrysts of the porphyry and is abundant in the ground 


ll. Tourmaline, characteristic of the highly altered porphyry, 
forms pseudomorphs after biotite and occurs with sericite in the replacement 


1\ 


of feldspar Tourmaline is also abundant in the clastic dikes, intrusive 


breccias and bands of black porphyry. These highly tourmalinized rocks 
1 } 


structurally independent of the veins and are not themselves ore 


common mineral of the altered rocks. In some specimens the 


are ea;ring 
Quartz 1s a 
ss of the porphyry is replaced by a fine quartz mosaic, whereas the 


groundma re] 
feldspar phenocrys Ss are replaced by sericite Highly silicified porphyry 1S 


commonly found alot v the vei . and the fine quartz mosaic May merge 


most 
with the coarse quartz of the veins 
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It is more closely associated with tourmaline thar 
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Fic. 1. Index map. Location of the area shown in Figure 2. 

The south-central Adirondacks are essentially made of three structural 
elements: a) an irregular dome of anorthosite whose upper surface shows 
minor domes separated by deep synclines; b) a mantle of syenite gneiss 
a few thousand feet thick that covers the anorthosite dome, and which con- 
tains conformable lenses and layers of anorthosite and gabbroic anorthosite 
gneiss; ¢) a metasedimentary sequence (marble, quartzite, amphibolite, and 
various types of gneiss), which overlies the syenite mantle and contains 
sheets of olivine gabbro and of syenite gneiss. The Gore Mountain area is 
within the syenite mantle on the north-eastern side of the anorthosite dome 


Several lenses of gabbroic anorthosite gneiss, some of them quite rich in 


pophyroblastic garnet, crop out in the neighborhood. <A belt of metasedi- 
ments is observed a few miles to the north-east. 

A most important feature of the geology throughout the Adirondacks is 
the conformity of sedimentary, magmatic, and metamorphic structures (7 
As a rule, intrusive bodies are sheets and domes so that their contacts are 
parallel with each other and with stratification in the metasedimentary wall 
rock. Furthermore, gneissic structures (foliation and lineation) are always 
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found to be parallel with primary structures (contacts, bedding planes, mag 
matic layering It follows that the patterns obtained by plotting the strike 
of the foliation and of the lineation on the map are made of smooth, con 
tinuous, parallel curves; they are similar to flow patterns. 

\s compared with the whole of the south-central Adirondacks, the area 
around Barton Mines is anomalous in three respects. First, the thick lens 
f gabbroic anorthosite gneiss that crops out north of the mine is intruded 
by an elongated stock or a thick dike of olivine gabbro; this intrusive body 


has nearly vertical contacts and thus does not conform to the regional struc 


ture Second, the gneissic structures of the syenite gneiss in the vicinity 
follow directions that do not fit into the regional pattern. Thirdly, unusual 
rock types are found in the contact zone between syenite gneiss and olivine 
gabbro \mong these are the dark ore, the light ore and a non-gneissic 
hornblendite. The dark ore is a porphyroblastic garnet amphibolite made 
of almost spherical crystals of red garnet (up to 30 cm in diameter) sur 


rounded by a shell of black shiny hornblende and embedded in a medium 


grained matrix made of hornblende and plagioclase with minor orthopyrox 


ene The light ore is a non-gneissic porphvroblastic garnet anorthosite 
| ? 


hese rocks, as well as others, have been described earlier in more detail by 
Levin 16 ind by this writer 5 

The garnet deposits of the Gore Mountain area, especially the largest one 
being mined by the Barton Mines Corporation, have been investigated by 
several workers Miller 17, 18, 19) became interested in them in the 
course of his field work in the uth-central Adirondacks, of which he mapped 
several quadrangles Later R. Balk (1, 2) mapped a large area north of 
Gore Mountain as a part of a study of the anorthosite problem and he de 
scribed briefly some of the smaller garnet deposits. His methods, including 
the systematic surveving of lineation, foliation, joints, and of all the struc 


tural features of the rocks, proved to be so successful that they were followed 


by all later investigator \mong these, M. H. Krieger deserves special 
mention; she contributed the geological map of the 15’ quadrangle (Thir 


teenth Lake) containing the most important garnet deposits (14 she also 
wrote i ¢ 1 prehet Sive di ussion of the origi ot garnet ores Krieger’ s 


work was followed b everal petrogenetic studies, which include Shand’s 
(21) contribution on the origin of coronite Shaub’s (22) paper on certait 
particular textures of the garnet ore, Levin’s (16) extensive work on the 
mineralogy of the ore and Buddington’s discussion of garnet as a regional 
product of dynamothermal metamorphism (9 Finally, mention should be 

ide of Wentorf’s (26) experimental approach to the problen 

Various hypotheses have been proposed to explain the origin of the Adi 
rot ich garnet deposit ' c it rvstallizatior contact metamorphisn 
hvbridizati regiot et rphism of a metasediment or of metagabbr 

Levin's work, however, left no doubt that the garnet ore was for the most 
part a metamorphosed olivine gabbro so that the disagreement narrowed down 
to tw main problems. namel 1, the nature of the metan orpl ism, whether 








Ss {i j is 


thermal or dynamothermal ; and 2, the age of the deposit whether pre- or syn 


orovgen 


Levin advocated a rather complex hypothesis of origin that may be sum 
marized as follow 1) garnet coronas in the olivine gabbro are a product of 


deuteric activity; b) garnet porphyroblasts have developed mainly by re 


i 
crystallization of corona garnet; this recrystallization was induced by the 
intrusion of syenite magma; the Barton Mines dark ore was formed in that 


manner; c) some of the porphyroblastic rock just formed was assimilated 
by the same syenite magma; in the process, hornblende and garnet crystals 
} 


vere caught up as xenoliths; this is the origin of the Barton Mines light ore 


hus, according to Levin, garnet ores are entirely pre-orogenic. Levin's 
hypothesis was criticized by Buddington (9) on the following grounds: a 


the occurrence of garnet in the Adirondacks is related to the grade of regional 
metamorphism; b) in areas where the regional metamorphism is intense 
enough, coronitic and porphyroblastic garnet have grown in the syenite gneiss 
as well as in basic rocks; ¢ the composition of garnet porphyroblasts varie 
with the nature of the host-rock; which seems to imply that por 
especially those of the light ore, are not xenolitl 

The present writer will attempt to review the problem in the 
additional data that are believed to be critical Some new observations ot 


the structure and the petrography have been published in a previous paper 
(5) as well as a detailed map of the deposit They will be summarized onl 
ery briefly here 
rHE ADI GAT | 0 
Garnet is a very common mineral in the Adirondacks; it is found ir 
neisses of granitic, syenitic, gabbroi 1 anorthosit ymposition as well as 


in non-gneissic rocks such as coronites. However, rocks where garnet is 
abundant enough and coarse-grained e1 


I 


found only in a rather small area in the South-Central Adirondacks (Figs. 1, 


4 ° On the basis o! field il d lithole 1 al e\ dence the e garnet ores can a 


classified into four types 


Dark Ore.—This has been observed (and mined) at the following locali 
ties: 1) Barton Mines, just north of Gore Mountain, in the Thirteenth Lak« 
quadrangle It has been shown earlier that, to the north, the dark ort grades 


into granoblastic norite gneiss and then into olivine gabbro; to the south int 
hornblendite (5 2) One mile east of McGinn Hill, Newcomb quadrangle 


This deposit, which is mentioned by Balk (2, p. 86), lies within a body of 
corona-bearing olivine gabbro; no outcrop of syenite gneiss has been foun 
love ted 9 < 


in the neighborhood by this writer. The dark ore forms an elonga 
that grade s on both sides into granoblastic norite gneiss at d then into olivine 
gabbri 3) Near the top of Humphrey Mountait This deposit, which has 
been des ribed by Kriege r (14 I 115 


1es witl if i body of livine gabbri 
ind not at the gabbro-syenite contact as Krieger states; in fact along this 
contact, which is several hundred vards farther east, the gabbr s trans 


formed into a dark medium-grained gneissic amphibolite that contains garnet 


as an 1s1Oom n 











sanste, Thie dence. wi entioned by Balk (2. n. 85). hes enuth of 
in olivine-gabbro bo« nt hich it grade The southern contact is cor 
eal under ol tai] vs I recent sediments 
It 1+] a a ee ate ¢ jot ie wactnt 
na ese localiti é k ore presents the same fe re e garnet 
ire spherical, large (1 2” to 4” in diameter ucl rger in Bartor 
Mine surrounded | tl rim of hornblende; the trix ide of plagi 
clase and hornblende homogeneous and massive except for a few scattere: 
plagioclase pegmatites The dark ore is associated with olivine-gabbro. The 
issociation with syenite gneiss observed at Barton Mines is accidental 
A 
. 
2 a 
5s. 9 
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8 Cc 0 
c 
Fic. 2. Location of Adirondack garnet de t 1—Gore Mountain, 2 
McGinn Hill, 3 Humphrey Mountain, 4 fullhead Pond. 5—Rubv Mountai 
6—Hooper Mine, 7—Lake Pleasant, 8—Crehore, 9—Old Hooper Mine, 10 
Rexford and Owen Mountai: The 15’ quadrangles referred to in this paper are 
the following: A—Newcomb quadrangle, B—Indian Lake q rangle, ( This 
teenth Lake quadrangle \—North Creek quadrangle, E--Lake Pleasant quad 
rangle 
Porphyroblast Gahbroic Anorth ite Unets [his has been observed 
t the following localities: Ruby Mountain, Thirteenth Lake quadrangle ar 
Hooper Mine, Thirteenth Lake quadrangk 
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are small (mostly less than 2 inches across) ; they are embedded in a medium 
grained, strongly gneissic matrix of gabbroic anorthositic composition con 
sisting of andesine-labradorite with minor hornblende, clino- and orthopyrox 
ene, magnetite and ilmenite. In the more feldspar-rich varieties as at the 
Hooper mine, the garnets are euhedral and do not have any rims. In the 
more mafic varieties, they are surrounded by dactylic intergrowths of hypers 
thene and/or hornblende with plagioclase (Fig. 3). Similar intergrowths 
have been interpreted by Subramanian (23, p. 364-365) as keliphitic inter 
growths due to a diaphtoretic replacement of garnet. As shown later, this 
writer has reached a different conclusion. In Barton Mines, keliphitic inter 
growths are also found (Fig. 4); they are mineralogically and texturally 
different from those described here; moreover they are found only where a 
garnet is adjacent to a plagioclase pegmatite (5, p. 19). 

Porphyroblastic Garnetiferous Amphibolites of the Metasedimentary Se 
quence.—The metasedimentary belt north and north-east of Gore Mountain 
includes lenses and layers of garnetiferous amphibolites especially at the fol 
lowing localities: Crehore deposit, Newcomb quadrangle (2, p. 86), Old 
Hooper deposit, Thirteenth Lake quadrangle (14), Rexford and Owen 
Mountain deposits, North Creek quadrangle (18). 

These rocks have not been studied in detail. Quite possibly, some of them 
should be classified with the dark ore. Most of them however differ from 
the dark ore by the gneissic and heterogeneous structure of the matrix, as 
well as by the irregular shape and occurrence of their garnets. They are 
interlayered with marble and quartzite, sometimes on a small scale, which 
suggests a metasedimentary origin for the host rock. 

Light Ore—To the writer’s knowledge, the only occurrence of this rock 
is at Barton Mines. Compared with porphyroblastic gabbroic anorthosite 
gneiss, the light ore is remarkable by its non-gneissic matrix and by the 
rims of pure plagioclase that surrounds the garnets. 

Thus garnet ores are in all cases basic rocks where garnet is associated 
with pyroxenes, hornblende, and an intermediate plagioclase. It should not 
be concluded however that large garnet porphyroblasts are not found in other 
rocks. They do occur although rarely in syenite gneiss (Fig. 7), and more 
commonly in quartz-bearing gneisses. In short, their occurrence is by no 
means restricted to gabbro-syenite and anorthosite-syenite contacts. Since 
on the other hand such contacts are commonly devoid of garnet, it cannot be 
asserted that the intrusion of syenite magma has played a major role in the 


genesis of garnet ores 


THE RIMS OF THE GARNET PORPHYROBLASTS 


Garnet porphyroblasts in the Adirondack basic rocks are commonly sur 
rounded by rims or shells of various sorts. Some of these rims cannot be 
seen with the unaided eye. Others, such as the hornblende shells in the 
dark ore, are most conspicuous 


symplectite, is found where the garnet is in contact with plagioclase pegmatites. 
rhe volume of the kelyphitic intergrowth is not related in any way to the volume 


of the garnet. 
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TABLE 1 


AROUND GARNI 


Of plagio« 


hornblend 


hyperst 


orthosite or gab yi t M aasive 


broic anortl osite 


writer's observations on the rims lead ie following generaliza 


The mineralogy of the rim depends exclusively on the bulk chemical 
mposition of the rock; elationships are summarized in Table 1 


’ 
1 
i 


2), In a given rock, f ice the dark ore, the volume of the rim 
increases with the volur of iclosed garnet. Observations on a suf 
ficiently large number of samp! iow that this rule holds true although ex 
eptions may be found local! 

Other generalizations relevant to the problem of the origin of garnet are 

3), As observed by Buddington, the chemical composition of the garnet 
depends on the nature of the host-rock 

4), The shape of a porphyroblast depends essentially on the minerals that 
form the rim. 


‘ 
t 


sarnets surrounded by plagioclase grains, such as those of the 
Barton Mines light ore and those of the Thirteenth Lake deposit, are com 
monly idiomorphic (Fig. 5 On the other hand, where the rim contains 
appreciable amounts of hornblende or pyroxene, garnets are round. In sy 
enite gneiss, porphyroblasts are also round (Fig. 7). 
5), The number, size, and nature of inclusions in garnet porphyroblasts 
depend on the nature of the host rock. Thus, garnet from the dark ore con 
tain few large inclusions; garnets from the hornblendite mav be poikilitic or 
skeletal; garnets from the light ore may contain numerous small inclusions 
of characteristic shape and compositiot 
the writer’s opinion, these observations prove conclusively two things 


1), The garnet porphyroblasts have grown in the environment where they 
are now found ; they cannot be xenoliths. In particular, the light ore garnets 


garnet as it the matrix } | A i il] » . lid not parti pate 
garnet-torming react! 

Fic. 6. Poikili 
Plane light Ir 


contains 





Fic. 7. Garnet porphyroblast in syenite gneiss from Lake Pleasant (x 10) 
Plane light. This porphyroblast is about 50 mm across and contains few in 
clusions. In hand specimen, it looks spherical. In thin section, the border ap 


' 
pears to be very irregular he matrix of the rock is made of microperthite with 
minor plagioclas ornblende and quartz. The iron ores are mostly magnetite 
with much lamell ntergrowth of ilmenite, except close to the garnet where 
ilmenite and ccur arate grains. 





cannot be xenoliths 


idiomorphic and not sj 
inclusions, and because of pure pl 
2), The rim and th closed garnet have grown simultaneous 
garnet developing at the expe f the rim and the rim at the expense of 
Dherefore ult from a reaction between garnet 
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plagioclase and hornblende but 1 
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From textural observati ns, Shaub (22 has reached the conciusio?1 that 


garnet has crystallized for the most part after plagioclase, hornblende and 


hypesthene, in other words later than the 


matrix In the writer’s experience, 
such observations are never conclusive 


and may often be interpreted in 
several ways (Fig. & hey 
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Levin's hypothesis requires that coronitic garnet forms earlier than por- 
phyroblastic garnet. 

I do not know of any observation that proves or even suggests such a 
relationship. As shown above, coronas and porphyroblasts seem to result 
from similar reactions; there is no a priori reason to suppose that they did 
not grow at the same time. On the other hand, it is obviously difficult to 
prove that they did grow at the same time. Only indirect evidence is avail- 
able 

Garnet coronas seem to have been first observed by Lacroix (15) in basic 
rocks from Odgarden, Norway. Since then, they have received much at- 
tention from petrologists so that nowadays the literature contains a few 
papers especially devoted to garnet coronas and innumerable observations 
scattered through a large number of papers mostly devoted to regional geology 

From the part of this literature available to me, the conclusions clearly 
emerge that, 1), garnet-bearing coronites are found only in highly meta- 
morphosed terranes, 2), these terranes also contain porphyroblastic garnet 
rocks 

This argument and those developed by Shand and by Murthy (20 


seem to rule out the possibility of a deuteric origin for corona garnet.* 


MINERALOGICAL AND CHEMI COMPOSITION OF THE DARK ORE 


The minerals of the Barton Mine dark ore are rather well known. The 


lase of the matrix was analyzed by Shand (Table 3); the optical 


plage 
properties are those of a low-temperature andesine-labradorite. The ortho 
pyroxene contains 70 percent of enstatite according to Hess’ curve (12). 
Levin analyzed a number of garnet porphyroblasts and found that they have 
a rather narrow range of composition: 37 to 43 percent of pyrope, 40 to 
19 percent of almandite, about 1 percent of spe ssartite, and 13 to 16 percent 
of grossularite (including minor andradite He also found that a 19-inch 

, | 


garnet crystal was zoned with the border more pyropic and the center more 


almanditic. The hornblende that forms the rim of the porphyroblasts was ‘ 
also analyzed by Levit \n analysis of the hornblende that forms the matrix ; 
has been made recently by Oslund and is presented here. These hornblendes! 
are both pargasites, but their compositions are somewhat different ; the matrix 
hornblende is significantly richer in alumina, poorer in silica and in magnesia 
than the rim hornblende 

In Table 4, two new rock analyses are presented. The first of these 
(column A) was made on a large specimen of dark ore reduced by quarter- 
ing; the second (column C) on a grab-sample of hornblendite. Column A’ 
shows the chemical composition of the dark ore as computed by Levin from 
the mode and from the chemical compositions of the mineral constituents 
The discrepancies between A and A’ are due in part to the fact that the dif 
ferences between rim and matrix hornblendes were unknown to Levin. 
Column B gives Shand’s analysis of the Gore Mountain coronite. 

It is often said that Brogger (6) has proven the deuteric origin of corona garnet. I: 


fact, Brogger’s paper a caref nd mirably detailed description of coronas; but his 


bservations may be interprete ferent manners 
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TABLE 3 
Mines Dark Ont CHEMICAL ANALYSES 
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irregularly scattered through tl . The garnet content is certainly 
although difficult to estimate the other hand, in the central part 


the garnets are iform in size and shape and 
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pected on that basis. The only discrepancies are the increasingly high OH 
content of A, B and C and the increasing degree of oxidation of iron in B 
and (¢ 

Therefore, there is no reason to suppose that metasomatism has played 


an important role in the petrogenesis of the Barton Mines garnet ore. The 


metamorphism responsible for the formation of dark ore and hornblendite may 
be considered isochen ical at least as a first approximatior 


METAMORPHIC DIFFERENTIATION IN THE DARK ORI 


From the chemical compositions of the constituent minerals and from 


the mode, the chemical compositions of the different parts of the dark ore 


can be calculated. The results of these calculations are presented in Table 7. 
Ionic percentages have been used throughout. To account for the different 


densities of the minerals involved, the following data have been used 


plagioclase 0.0299 cation per cubic angstrom 
honblende 0.0356 cation per cubic angstrom 
hypersthene 0.0378 cation per cubic angstrom 
diopside : 0.0368 cation per cubic angstrom 
garnet : 0.0413 cation per cubic angstrom 


These cationic densities were obtaine: from the 
structural 


unit cell dimensions and the 


formulas 
Table 7 clearly shows that the dark ore 


results from a 


netamorphic 
ot garnet porphvroblasts. This dif- 
} 


differentiation induced by the growth 
ferentiation involves the following ioni 


{ exchanges between the matrix on 


one hand, the garnets and their shells on the other 
Si+ Na (4 possibly Ca versus Fe (4 possibly Meg 


The resulting transformations are analyzed quantitatively below 
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ses, which take place concurrently, contribute to the 
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c) reactions take place within the matrix. Table 
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arge quantities of aluminum ions move inwards so 


garnet requires a continuous supply of aluminum; 


with regard to this, it is interesting to note (Table 3) that the rim horn 
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blende is poorer in alumi 
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and the magnesium ions 


portant diffusions of iro1 
that are 


gs whicl 


than the matrix hornblende so that a composi 
alurninum ions are carried from the matrix 


same remark can be made about the silicon 


The 


move outwards. On the other hand, im 
, calcium and sodium ions take place along gradients 


apparently too small to be displayed by chemical analyses 

The aluminum ions diffusing through the rim towards the garnet are 
supplied by the trar rmation that occurs at the boundary of the rim 
the growth of the rim at the expense of the matrix (Table &. column 2 This 
is why the aluminum content of the matrix does not change during the 
growth of the garnet. Other s, such as ferrous iron and magnesium ions 
must be supplied by reacti ccurring within the matri 

The changes in the che composition of the matrix during garnet 
growth are easily fi to be the algebraic sum of the ionic exchanges re 
quired by the growtl the garnet and by the growth of the rim (column 3) 
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These changes suggest that the following mineralogical transformations 
take place within the matrix 


1. During garnet growth, OH~ ions diffuse towards the matrix; this 
can be accounted for only by an increasing hornblende content of the matrix 

2. This increase requires a supply of aluminum and calcium. Since no 
or few Al and Ca ions diffuse towards the matrix, these ions must be supplied 
by the anorthite component of the matrix plagioclase. On the other hand, 
the diffusion of equal amounts of Si and Na ions towards the matrix can 
be accounted for only by an increase of the albite component of this plagioclase 

3. Fe**t and Mg ions diffuse away from the matrix. Since the hornblende 
content is increasing, this must mean a decreasing orthopyroxene content, 
which is also suggested by a comparison between the modes of the matrix in 
garnet-rich and garnet-poor specimens of dark ore (Table 5 

4. The Fe/Mg + Fe ratio in the matrix decreases. Therefore horn 
blende and hypersthene are becoming more magnesian. This change, which 
is to be correlated with Levin’s observation that garnet porphyroblasts are less 
pyropic at their center than at their periphery, suggests that the dark ore has 
formed during a period of rising temperature. 

— 

In short, the mineralogical transformations taking place within the matrix 

of the dark ore during the growth of the porphyroblasts can be written: 
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\northite + orthopyroxene + Si+ Na (+ Ca) + OH 
hornblende + albite + Fe(+ Mg 


The chemical composition of the ferromagnesian minerals of the Bartor 


Mines dark ore are plotted in Figure 9 on a triangular diagram. The range 
in the composition of garnet is shown by a horizontal line (aa’) since, ac 
ling t om tf ciun ntent d feos he h 
cording t Levin, the ca n content does not vary trom the core to the 
border of a porphyroblast. The range in the composition of hornblende is 
also repre sented by a horizontal line (5/ since the calcius content of the 


CaFe Si20g - 





temperature 


rim and matrix hornblendes are almost the same The tie-lines ab and b'c 


tween minerals that can be presumed to be in chemical 


If the plagioclase content is neglected, the dark ore matrix can be repre 
sented by a point d situated on tie line b’c close to b’ since in the matrix, 


hornblende is much more abundant than orthopyroxene. Similarly, the com 
position of the garnet plus shell part of the rock is represented by a point ‘ 
and the compositi t the dark ore itself by a point ? situated 1 de 


a guarter of the distance away trom d. 
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More schematically, by neglecting the disequilibria involved in the zoning 
of garnet and the varying hornblende composition, the dark ore can be rep 
resented by a point f within a tie-line triangle A B C on the same diagram 
(Fig. 10). The shift of this triangle from a former position A’B’C’ to A B ¢ 
represents the mineralogical transformations in the dark ore during the growth 
if porphyroblasts ; increase in hornblende content and decrease in hypersthene 


ely that this shift 


1:1 
It 


while all minerals become more magnesian. It is most li 
was caused by rising temperature 

[here are differences between the schematic evolution of the dark ore 
pictured in figure 10 and the actual evolution. These differences are pre 
cisely related to the disequilibria displayed in the rock and to the special 
structure that results from then Che cause of these disequilibria is ob 
viously the abnormally large size of the garnets or, in other words, their 
small number. This feature of the dark ore is indeed puzzling because garnet 
does not seem to be a crystal whose nucleation is parti ularly difficult : rocks 
sprinkled with small garnet crystals are quite commor It may be that the 

1 


nucleation requires a lesser degree of oversaturation in rocks undergoing 


plastic flow 


The pe trogenesis ot 
follows 


During a period of orogenk | , and under conditions of intense 


plastic flow, the ophitic olivine gabbro became transformed into an amphibo 


lite carrving some plagioclase and orthopyroxene This transformation was 
= — 


isochemical except for a slight increase in the water content \t the time 


when the componental movements were waning, garnet began crystallizing 


Later changes consisted of adjustments to the rising temperature and of a 
S J ~ 


1] ] 


metamorphic differentiation induced by the growth of abnormally lar; 


>» 


garnet porphyroblasts 
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MANGANESE OXIDES AND ASSOCIATED MINERALS 
OF THE NSUTA MANGANESE DEPOSITS 
GHANA, WEST AFRICA 
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neral group, with ft irect relation to pyrolusite ‘ 
wder patterns given by Nsuta MnO: also differ from those reporte 
the artificial manganese dioxide gamma-MnOs. One type of Nsuta MnO) 
gives a patterr closely resembling that of rho-MnO a chemical product 
but the d spacings and relative intensities of certain lines are not identi 
Oxide-rich ore was forme by three prin pal mechanis1 replace 
ent of rocks rich in quartz, muscovite, garnet, and perhaps other mu 
era filling of fracture nd other openings; and leaching of impurities 
re w-grade ore tl ithout addition of manganese oxides Ihe 
three types of ore are intimately related and consist predominantly 


Nsuta MnO: and cryptomelane 
howe 


ywever, in certain specime! 
(,oethite is present locally it 


Nsuta MnO: and cryptomel: 


Pyrolusite and lithiophorite are abundant 
of replacement ore and cavity-filling ore 
three types ol ore 
une are early minerals in most specimet 


but there is no fixed paragenetic sequence of the oxide minerals lwo 





or more generations of variou 


oxides are present in many specimens 


Ihe mineral assemblage of the ores, the paragenetic sequence, and the 


textures and structures all app 
tion of the manganese oxides 
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ve determined solely by lal 


kind that would be expected 


1 supply and cor posit 


ir to be consistent with upergene deposi 
rhe origin of a mineral deposit can seldor 


ly by laboratory study, but certainly these ores are of 


if meteoric water, varying intermittently 


re the principal agent of oxide formatior 


INTRODUCTION 
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a major source of metallurgical 


than thirty-five years. Descripti 


ita, in Ghana, discovered in 1914, have bees 


and battery-grade manganese ores for more 
ms of the deposits have been published fron 


time to time since 1915, Lut the mineralogy of the ores has not been investi 


gated fully. This paper gives results of a detailed optical and X-ray study 


f suites of ore specimens fr 
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ratory studies reported are part of an i 


vestigation of manganese ores being made in the Laboratory of Economic 
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The Nsuta manganese deposits were first mentioned in two brief reports 


by the discoverer of the deposits, A. E. Kitson (14, 15), and were described 
more fully later by Kitson (16). Bishopp and Hughes (1) wrote a compre 


hensive paper on Gold Coast (Ghana) manganese deposits that includes an 
account of the Nsuta deposits and a discussion of the genesis of the ores and 
issociated rocks. They concluded that the ores were all formed by enrichment, 
mainly in recent near-surface environments, of low-grade manganiferous 


sediments. Junner (12, 13) argued that the large ore-bodies at Nsuta are 


of Precambrian age Service (24) supported Junner’s conclusions on the 


1, na 


1 study and mapping of the deposits. Service’s report con- 


basis of detailed 


a mineragraphic description, by J. A. Dunn, of a suite of specimens 


; 


of the manganese ores. Dunn reported that the ores consist of pyrolusite, 


psilomelane, goethite, and manganese garnet, together with a little quartz and 


halloysite, and a mineral he designated Component 3. From his description 


of the properties of this mineral, Component 3 is evidently the lithiophorite 
reported by Delano (4) and described in the present report. 

xcept for Dunn’s work, no mineragraphic investigation of the Nsuta 
ores has been made during the past 20 years, so far as we know. Mineralogi 
cal data based upon X-ray work have appeared occasionally, however, in 
diverse publications. Schossberger (23) reported the discovery in “West 
African pyrolusite” of material which gave an X-ray powder pattern similar 
to that of artificial “gamma-MnO,” (Glemser, 9), and McMurdie (18) 


corroborated this identification and also reported finding ramsdellite in Nsuta 


ores. McMurdie and Golovato (19) declared further that “Gold Coast ore is 


largely” of the gamma-MnO, “form.” Cole et al. (3), meanwhile, conclude: 


] 


that the major constituent of the Nsuta ore which they studied was a specifi 
variety of gamma-MnQO, which they designated type I; they also identified 
pyrolusite and questionable cryptomelane as minor components. Delano 
reported (4) that still another mineral, lithiophorite, was present in the 
Nsuta ores, and stated that the principal mineral in the ores, called by others 
gamma-MnQO,, was poorly crystallized ramsdellite. He reported that com 
mon “impurities” in the Nsuta battery ore are cryptomelane, pyrolusite, lithio 
phorite, quartz, and clay minerals 

Except for Dunn, the investigators mentioned above appear to have relied 
on X-ray diffraction studies, with or without chemical analyses, for mineralog- 
ical determinations. Additional X-ray and chemical data have been provided 
in numerous papers concerned primarily with dry battery research. These 
data are useful but have added little to the basic knowledge of the mineralogy 
of the ores. It is of interest, however, that the Signal Corps Engineering 
Laboratories, U. S. Army, in recent years, have used the term “rho-MnO,” 
for a synthetic product which they consider to have an X-ray pattern identical 
to that of the major component of Nsuta ore (Nye, 20). 
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METIIOD EMPLOYED N THE PRESENT INVESTIGATION 
AND MATERIALS STUDIED 


The present investigation combines microscope study of polished surfaces 
with mineral identification by x-ray powder camera techniques. This gen 
eral procedure has been used in ore investigations for many years, but its 
application to the study of manganese oxide ores evidently has been limited 
Slabs for polished surfaces are cut from each ore specimen to include all 
recognizable textural and mineralogical types. A photograph is then made 
f each polished surface in reflected light, after which mineragraphic ex 


amination is begun. A preliminary determination of the number of mineral 
components is made and all components of questionable identity are marked 
for X-ray. These components are sampled under the microscope by chipping 


with a diamond pencil. Thus, it is known at the outset whether a given 
specimen for X-ray study consists of one mineral or a mixture of two or more 
minerals. Monomineralic samples are desired for X-ray and can be obtained 
except in uncommon cases in which banding or intergrowths are very in 
tricate. The location of the point from which each X-ray sample is taken is 
plotted on the photograph of the surface. The X-ray specimen is mounted 
on a glass fiber with shellac and exposed in a powder camera. 

The importance of following the method described above can scarcely be 
overemphasized. All Nsuta ore specimens examined are mixtures of two 
or more oxides, commonly with other minerals. In the great majority of 
specimens, intermixture is on such a fine scale that X-ray samples taken at 
random, without close control by means of polished surfaces, are inevitably 
mixtures. Satisfactory interpretation of diffraction patterns of such mixtures 
is in many cases difficult or impossible. It seems probable that much of the 
confusion in the literature over the X-ray diffraction data for manganese 
oxides is due to the fact that the purity of the materials submitted for X-ray is 
unknown 

The materials studied consist of a large variety of miscellaneous samples 
of Nsuta ores, together with a suite of specimens collected at the deposit by 
Mr. J. A. Straczek. The materials studied are thought to include the prin 
cipal types of ores present at the locality, but it is unlikely that all variants 
of the ore are represented in our collections. The writers feel confident that 
the essential mineralogy of the ores currently worked at the mine is indicated 
by the present work, but studies of additional samples will undoubtedly add 
to the data presented 

Source rocks from which the manganese oxide ores have formed by en 
richment are poorly represented in our collections. A few notes are given 
on this subject, but a general di 
of this paper 


scussion of source rocks is beyond the scope 


THE NSUTA MANGANESE DEPOSITS 


As described by Service (24), the ore bodies at Nsuta occur in a sequence 
of phyllites 375 to 400 feet thick in the Precambrian Birrimian series. The 
sequence is deformed into near-isoclinal folds trending about N 15° E. In 
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cluded in the phyllite are beds of gondite (quartz-spessartite rock), formed 
by metamorphism of manganiferous sediments. Service concluded that the 
ore bodies are sedimentary lenses rich in manganese oxides, but he recognized 
that Recent or late Tertiary laterisation of the ore bodies has taken place and 
that the gondites beneath the ore bodies have locally been enriched in oxides. 

According to Service, a typical ore body in vertical section begins at the 
top with detrital ore, which overlies hard, “lateritic” ore. Beneath the lateritic 
ire is high-grade, porous “black ore,” which passes downward into average 
grade porous “black ore.” Argillaceous impurities increase downward in 
the “black ore” zone, both in cavities and locally in definitely sedimentary 
bands. “The percentage of argillaceous matter increases markedly as the 
water table is approached, the ore in some of the lower adits being interbedded 
with slightly weathered beds of phyllite and tuff.” In the vicinity of the 
water table, gonditic ores show much less leaching of silica than above the 
water table. 

Despite Service’s conclusion as to the origin of the ores, many of the 
features he describes suggest a profile of the type due to residual weathering 
The origin of the deposits, however, is currently the subject of debate among 
geologists familiar with the mine 

The ore bodies originally cropped out in a series of hills termed hills A, 
B,C, D, and E. For the locations of the hills, the reader is referred to Serv 
ice’s map (24, Pl. I). 


DESCRIPTION OF THE ORES 


Vegascopic Features.—As indicated in the descriptions given by Service 
and Dunn (24), the ores display a great variety of textural and structural 
features. They range from hard material, either massive or distinctly layered, 
to soft pulverulent ores of the “wad” type. In the harder ores, layering 
is of two types—original sedimentary lamination and concretionary or collo- 
form layering. Sedimentary layering in the specimens studied is due to 


variations in the ratio of quartz and silicates to manganese oxides. Con- 
cretionary layering is superimposed on sedimentary layering in some speci- 
mens. The distinction between this and colloform banding of materials de- 
posited in cavities is somewhat arbitrary. Colloform-textured ore shows the 
usual range of mammillary and botryoidal forms. Such ores have numerous 
cavities lined with colloform material, or, in some specimens, with crystals of 
pyrolusite up to 0.5 cm in length. Veinlets of oxides healing fractures are 
visible in sawn specimens of all types of ores. Some specimens of black ore 
of the “wad” type are composed entirely of soft, pulverulent black oxides; 
others have thin ribs of harder material 

Quartz occurs as discrete grains or aggregates of grains, as veinlets, and 
as veinlets dismembered by fracturing. The quartz veinlets are merely 
small representatives of the large veins of quartz cutting the black ore zones 
(24) in the working faces of the mine. A few specimens differ from the 
types described above in that they consist of massive granular quartz cut by 
a network of veinlets of manganese oxides. 
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Fic. 1. Polished surface of replacement ore, plain light, X 50. Micaceous rock 
replaced extensively by Nsuta MnO: (white), which in many places separates 
muscovite grains (black) along the cleavage. A complex symmetrically layered 
veinlet, made up Nsuta MnO: (white) and cryptomelane (medium gray), cuts 
the replacement ore in a northeasterly direction. At lower right is an irregular 
veinlet of Nsuta MnO: 

Fic. 2. Polished surface of replacement ore. Plain light, x 4. Garnetiferous 
rock partly replaced by Nsuta MnOs (white, gray). Garnet (small spots) is 
most abundant in upper part of surface. Dark lenticular mass at upper right is 
unreplaced rock made up of garnet in a matrix of quartz, iron oxides and fine 
grained oolites of an unidentified mineral. Specimen collected by J. A. Straczek 


from north end of pit, bottom level, Hill A. 
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MICROSCOPY OF THE ORES 


Genetic Types of Ores-—On the basis of mode of formation, three general 
types of material can be distinguished in the ore specimens examined. The 
first consists of manganese oxides, with or without goethite, that have been 





Fic. 3. Polished surface of replacement ore. Plain light, X 50. Fine-grained 
mica-quartz-garnet rock is largely replaced by Nsuta MnO: (white) and lithio 
phorite (medium gray). Gray veinlet at the lower right, trending northeast, is 
goethite. Six-sided garnet crystal outlined and cut by thin veinlets of cryptome 
lane (medium gray) is almost totally replaced by Nsuta MnOs. 

Fic. 4. Polished surface of laminated replacement ore. Plain light, x 4 
Deformed rock in which many laminae are largely replaced by Nsuta MnOs (white 
light gray) and goethite (medium gray). Dark gray—non-opaque minerals (in 
part quartz and argillaceous material) and Bakelite filling pore spaces. Wad 
type ore collected by J. A. Straczek from lower mining level, Hill D, north crest 
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formed by replacement or partial replacement of pre-existing rock. The 
second consists of material that has been formed by the filling of cavities and 
fractures. The third consists of material left behind after leaching of soluble 
non-manganiferous material and is essentially residual ore. The three types 
of ore materials are closely associated, and most samples examined are mix- 
tures of the three in various proportions. In most specimens the distinction 
between the first two types is a simple matter, but in some specimens or 
parts of specimens, replacement ore is not sharply distinct from residual or: 
Replacement Ore.—In polished surface, replacement ore is characterized 
by the presence of numerous relicts of muscovite, quartz, and garnet in various 
proportions. In the most common type, the relicts are minute flakes of mus 
covite (Fig. 1), forming a few percent to more than 50 percent of the ore 
In some muscovitic ore, quartz and garnet are absent or present in minor 
amounts. In others, quartz and garnet are abundant. The second most 
abundant type of replacement ore consists of quartz, garnet, and fine-grained 
manganese oxides. The manganese oxides have formed in part by replace 
ment of garnet and quartz, but in large part the oxides appear to have formed 
at the expense of another fine-grained mineral that we are unable to identify 
in the materials at hand. I: 


the parts of the rock least replaced by man 


Fic. 7. Polished surface showing veinlets in replacement ore. Plain light, 
x 55. Fine-grained micaceous rock largely replaced by Nsuta MnOs and lithio 
phorite (white and dark gray) is cut by complex veinlets of different ages 
Earlier veinlet is broad at left and divides into two branches upward to right 
rhis veinlet is largely Nsuta MnOs:, but on it is superimposed an intricate net 
work of minor veinlets (medium gray) which in part may be cryptomelane. Later 
veinlet, largely cryptomelane, cuts both matrix replacement ore and a branch of 
the larger veinlet. 

Fic. 8. Polished surface of replacement ore cemented by colloform cavity 
filling oxides. Plain light 5.7. Irregular rock fragment largely replaced by 
manganese oxides (southwest quadrant) shows diffuse banding of cryptomelane 
(medium gray) and Nsuta MnOs (light gray) Another fragment (northeast 
quadrant) is replaced largely by Nsuta MnOsz. Colloform cementing material 
consists principally of thicker layers of Nsuta MnO: (light gray) alternating with 
thinner layers of cryptomelane. Specimen collected by J. A. Straczek from 
lower mining level, Hill D, north crest. 

Fic. 9. Polished surface showing complex cavity-filling ore. Plain light, 
< 100. Massive cryptomelane (medium gray) partly replaced along fractures by 
Nsuta MnO: (white). Veinlets of lithiophorite (dark gray) fill fractures in 
Nsuta MnO: and in cryptomelane. Lithiophorite-Nsuta MnO: contact is irregular 
and suggests partial replacement of the Nsuta MnO: Large cavities are lined 
with a crust of lithiophorite. Black areas are Castolite. Specimen collected by 
|. A. Straczek from near bottom level and north end of pit, Hill A. 

Fic. 10. Polished surface showing cavity-filling ore and replacement ore 
Plain light, x 100. Replacement ore in lower half of photograph is relatively 
coarse-grained mosaic pyrolusite (white). Wide band immediately above and 
cutting the the pyrolusite downward is Nsuta MnO: (light gray). This band has 
a thin selvage of cryptomelane (medium gray). Note irregular contact of crypto 
melane and pyrolusite, and an island of pyrolusite in the Nsuta MnOs layer to 
the north-northeast of the center, where a nearly vertical crack ends. Outside 
main layer of Nsuta MnOs lie thin bands of fine-grained cryptomelane, pyrolusite, 
and Nsuta MnO: Transverse cracks commonly found in colloform fayers of 
Nsuta MnO: are well shown in the broad band. 
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ganese oxides, a pale yellow mineral of low birefringence forms minute (less 
than .05 mm) but prominent odlites. Replacement begins with oxidation and 
apparent conversion of these odlites to iron oxides (goethite?). This stage 
is followed by replacement of the goethite (?) by manganese oxides. This 
type of replacement is found in the specimen illustrated in Figure 2. In ad- 
vanced stages, quartz and garnet show various degrees of replacement by 
manganese oxides (Fig. 3 

The nature of the original rock represented in the muscovitic replacement 
ore is not indicated in the specimens examined. Both massive and well 
layered rocks are suggested. Many aggregates of mica flakes are deformed, 
and folded primary lamination is preserved in some specimens (Fig. 4). 

The manganese oxides in replacement ores are fine-grained ; the individual 
particles are commonly measurable in microns. In extreme examples, the 
oxides approach the amorphous state and are weakly anisotropic to sensibly 
isotropic. 

Ore Formed by Cavity Filling or Residual Concentration of Manganese 
O.xides.—Most of the ore formed by cavity filling shows colloform banding 
on a fine scale. The bands differ in composition or texture, or both. In 
many specimens, colloform material has been deposited around nuclei con 
sisting of fragments of replacement ore (Fig. 5); in fact, this is the most 
common structural type of ore in the suite of specimens studied. The collo- 
form material now binds the fragments together. 

Veinlets have various structures. The most common are veinlets that 
show symmetrical colloform banding (Fig. 1), but symmetrical comb structure 


Fic. 11. Polished surface of colloform cavity-filling ore. Plain light, x 65 
Nsuta MnO: makes up most of the wide multi-layered band. It appears white to 
light gray depending on grain size, grain shape, and degree of preferred orientation 
Numerous dark gray bands are composed largely of fine-grained cryptomelane. At 
bottom is relatively coarse-grained layer of Nsuta MnO: with mosaic texture. In 
upper part of photograph, beginning at the pitted zone, is replacement ore showing 
diffuse banding of Nsuta MnOs and cryptomelane. Small black spots are non 
opaque mineral grains. Specimen collected by J. A. Straczek from lower mining 
level, Hill D, north crest. 

Fic. 12a. Polished surface showing cavity filling in replacement ore. Plain 
light, * 150. Matrix is a granular rock largely replaced by Nsuta MnO: (light 
gray). Non-opaque grains are irregular black spots. Irregular mass of Nsuta 
MnO: fills cavity in central part of photograph; Nsuta MnO: in large part shows 
preferred orientation of platy grains roughly normal to the cavity walls. Speci 
men collected by H. R. Spedden from contact of “black ore” zone at Nsuta 

Fic. 12b. Same field as in Figure 12a but photographed with crossed polars 

In the cavity filling, groups of oriented Nsuta MnOs grains that extinguish at 
this position alternate with similar groups, differently oriented, which are bright 
he general structure appears to be that of slightly mis-oriented sectors of 
spherulites 

Fic. 19. Polished surface of replacement ore. Plain light, x 10. Quartz 
mica-garnet rock partly replaced by lithiophorite and Nsuta MnO: and cut by a 
banded veinlet (upper left) of Nsuta MnO: (light gray) and cryptomelane 
(medium gray). In crumpled zone at left, darker bands are laminae partly re 
placed by lithiophorite; lighter bands are partly replaced by Nsuta MnOz. Micro 
scopic textural features indicate that lithiophorite has replaced earlier Nsuta 
MnO: in the bands now rich in lithiophorite. No mineralogical or structural 
control of lithiophorite is evident. 
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is shown in some veinlets, particularly those consisting of pyrolusite (Fig. 6), 
of lithiophorite, or of combinations of the two minerals. Some samples show 
several periods of fracturing and veining by various manganese oxides (Fig. 
7). In many samples, cavity filling has been accompanied by partial replace- 
ment of the walls of fractures or of fragments of replacement ore. The result 
is rounding of fragments of the original rock that are encased in colloform 
crusts of manganese oxide minerals. In most specimens the colloform crusts 
are composed entirely of oxides, so that any replacement of rock fragments 
has been a mass replacement. In a few cases, however, rhythmic alternation 
of Nsuta MnO, and cryptomelane has been produced within the rock frag- 
ments (Fig. 8). Such textures are interpreted as diffusion banding. 

At the risk of begging the question of processes and stages of ore mineral 
deposition, it may be stated that the textures and structures of the assemblage 
are those which would be expected in an ore formed by 1) weathering of 
manganiferous rocks and residual concentration of part of the manganese as 
oxides, 2) downward migration of the remainder of the manganese, and 3) 
reprecipitation of migrating manganese both by replacement of underlying 
rocks and by healing of fractures produced by progressive slumping. 

Certain ore samples cannot be ascribed with assurance either to cavity 
filling or to replacement. Leaching of impurities and alteration of garnet or 
other manganiferous minerals to the oxides would produce the textures ob 
served. 


MINERALOGY OF THE ORES 


General Statement.—The principal oxide constituents of the ores, in 
order of decreasing abundance, are oxides here designated as Nsuta MnO,, 
cryptomelane, pyrolusite, goethite, and lithiophorite. Nsuta MnO, com- 
prises natural oxides giving one of three X-ray patterns of the general gamma- 
MnO, type. These patterns are discussed in a subsequent section. As 


noted above, chief impurities are muscovite, quartz, and garnet. Zircon and 
amphibole have also been identified. Clay minerals may be present in a few 
specimens, but no systematic study of these could be attempted with the 
material available. 

Nsuta MnO,.—Nsuta MnO, is the most abundant oxide component of 
the ores studied. It occurs in all three types of ore discussed above. Nesuta 
MnO, formed by replacement ranges from cryptocrystalline material, nearly 
isotropic, to finely crystalline and apparently platy masses. It forms platy 
aggregates along cleavages of muscovite grains (Fig. 1), evidently replacing 
primary minerals, and pseudomorphs after garnet (Fig. 3) that have a felted 
appearance under crossed polars. The pseudomorphs are apparently aggre- 
gates of minute, randomly oriented, poorly formed plates, and aggregates 
of platy crystallites. Although a platy habit seems to be characteristic, it is 
not possible to be sure that Nsuta MnO, always has this habit, for sections 
of thin plates are indistinguishable from fibers. The coarsest plates range 
from .01 to .04 mm, but at high magnifications the coarser units are seen to be 
aggregates of minute crystallites in sub-parallel orientation. The fine-grained 
character of such aggregates is confirmed by X-ray patterns. 
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Fic. 13a. Polished surface showing complex oxide veinlet in vein quartz 
host. Plain light, X 112. Central part of veinlet (white), showing linear struc 
ture, is extremely coarse, well-oriented aggregate of Nsuta MnO: grains. This 
material is bordered by thin irregular veinlets of goethite (dark gray), which in 
turn are flanked by coarse pyrolusite layers (white). The pyrolusite layer at 
bottom of photograph is cut by a median veinlet of fine-grained mosaic Nesuta 
MnO: (light gray). Complex veinlets of pyrolusite and Nsuta MnOs cut across 
the main veinlet (near right and left sides) and also fill fractures in quartz host 
(black). 

Fic. 13b. Same field as in Figure 14a but photographed with crossed polars. 
Note strong preferred orientation of the Nsuta MnOs at the center of the veinlet. 
Subsidiary veinlets of pyrolusite and fine-grained mosaic Nsuta MnO: border and 
cut the main veinlet. 
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Nsuta MnQ, is also found replacing the other manganese oxides along 
fractures (Fig. 9), along colloform banding, or diffusely, in the last case 
appearing in the early stages of replacement as pin-points scattered through 
other oxides, cryptomelane especially. One sample consists largely of gran- 
ular pyrolusite in an advanced stage of replacement by Nsuta MnO,,. 

In fracture fillings, Nsuta MnO, is commonly in very dense, regular layers 
that alternate with cryptomelane and pyrolusite (Figs. 1, 10,11). The platy 
habit previously described is prominent. The plates range from less .001 mm 
to .04 mm in diameter, but are coarser, on the average, than the plates in 
replacement ore. Grains are generally of uniform size in a single layer, but 
adjacent layers differ greatly in grain size, so that banding is easily visible 
between crossed polars. In many specimens, the coarsest Nsuta MnO, is 
at the centers of symmetrically banded veinlets (Fig. 6). The platelike 
grains appear to be aggregates of radially oriented crystallites, much like 
those in replacement ore. The gross pattern of grain aggregates, however, is 
commonly decussate. 

In breccia ore and other cavity fillings, the degree of orientation of crys- 
tallites and grain aggregates of Nsuta MnO, varies greatly. In some speci- 
mens, the central areas of cavity fillings are tightly packed mosaics of polygonal 
to rounded units, each with near-spherulitic texture. In other specimens, 
platy grains form dense layers, each of which consists of narrow close-packed 
but slightly mis-oriented sectors of spherulites (Fig. 12). In several speci 
mens, exceptionally coarse wedge-shaped to platy aggregates of Nsuta MnO, 
are present. These closely resemble crystals of pyrolusite but invariably 


show the radial extinction characteristic of sectors of spherulites (Fig. 13). 
In one specimen, layers of Nsuta MnO, consisting of partial spherulites up 
to 0.7 mm in diameter alternate with thin layers consisting of the usual platy 
aggregates (Fig. 14). 


Layering in Nsuta MnO, that cements ore fragments or rock fragments 
is commonly as intricate as that of the simple fracture fillings, but symmetri- 
cally banded Nsuta MnO, is less well developed (Fig. 11). An interesting 
feature of botryoidal layers of this type of ore, found to a lesser extent in 
veinlets and but rarely in replacement type ore, is a pattern of minute trans- 
verse cracks that cut fine-grained layers of Nsuta MnO, (Figs. 5, 10). Ad- 
jacent layers of fine grained pyrolusite or cryptomelane are generally not 
penetrated. The cracks strongly suggest those commonly ascribed to the 
dehydration and shrinkage of gels, but their occurrence only in layers of 
Nsuta MnO, remains to be explained. 

Another feature characteristic of oxides filling open spaces is the sharp 
definition of the individual layers (Fig. 1, 11). There is no evidence that 
layers are the result of successive replacements. In contrast, the contact 
between the outermost layer and the host rock, which is generally replaced 
to a large extent by oxides, is irregular and gradational (Fig. 10). It is of 
considerable interest that Nsuta MnO, is abundant in the replaced rock and 
also commonly forms one or more of the layers in the cavity fillings. 

Cryptomelane.—Cryptomelane is an abundant constituent of many of 
the ore specimens studied, particularly those formed by cavity filling. It is 
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Fic. 14a. Polished surface of colloform cavity-filling ore. Plain light, x 55 
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Fic. 15. Polished surface showing colloform cavity ore encrusting replace 
ment ore. Plain light, x 4. Replacement ore (lower third) is partly cryptome- 
lane (gray), partly Nsuta MnO: (white). Voids and non-opaque minerals are 
black. Upper two-thirds—massive cryptomelane (gray), intricately interlayered 
with Nsuta MnO: (white) around cavities. A few cavities are lined with needle 
like crystals of cryptomelane. 

Fic. 16. Polished surface of complex cavity-filling ore. Plain light, x 200. 
Coarse-grained lithiophorite in cavities (dark gray) shows comb structure in 
part (right). Lithiophorite is bordered, progressing outward, by a thin layer of 
Nsuta MnOs, a thin lithiophorite layer, a second thin Nsuta MnOs layer, and 
finally a massive replacement intergrowth of lithiophorite and cryptomelane. 
Cavity-filling and replacement by lithiophorite were evidently contemporaneous 
and followed deposition of the other oxides. 
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typically in continuous colloform layers concentric with, and locally alternating 
with, Nsuta MnO, or pyrolusite layers (Figs. 1, 11, 15). In replacement 
ore, only minor amounts of cryptomelane are generally associated with Nsuta 
MnO,, but in one specimen cryptomelane has replaced much of a mica-quartz 
rock. Veinlike Nsuta MnO, cuts the cryptomelane. 

Cryptomelane is commonly cryptocrystalline but locally forms discrete 
needle-like crystals. These may be haphazardly oriented, arranged in radi- 
ating groups, or sub-parallel and oriented normal to the surfaces of cavities. 
Intricate intergrowths of Nsuta MnO, plates and cryptomelane needles appear 
to be present in certain specimens, but distinction of the two minerals in mix- 
tures is not always easy by optical methods. Maximum crystal size meas- 
ured is 0.15 mm. In some specimens, cryptomelane layers equal layers of 
the other minerals in thickness, but commonly cryptomelane is present only 
as one or several very thin layers separating thick layers of other oxides 
(Figs. 10, 11). 

P yrolusite—Pyrolusite shows a greater range of grain size than the other 
manganese oxide minerals in the specimens studied, from .003 mm or less 
to several millimeters in length. Except in rare cryptocrystalline bands, 
pyrolusite can be identified readily by optical methods. It is uncommon in 
replacement ore but fairly abundant in cavity fillings. Veinlets with central 
areas of pyrolusite showing comb structure are found in many samples (Fig 
6), and cavities lined with stubby prisms of pyrolusite are common. 

One specimen shows a matrix of fine-grained mosaic pyrolusite traversed 
by several veinlets of coarse-grained pyrolusite. The mosaic pyrolusite ap 
pears to have formed by replacement of a pre-existing material, the nature of 
which, however, is not indicated. 

Lithiophorite.—Lithiophorite is the least abundant of the manganese 
oxide minerals; it has been found in only 5 of 38 specimens of ore studied in 
detail under the microscope. It forms an estimated 20 percent of the polished 
surface of gne specimen, but the complete collection of material suggests that 
it forms less than 1 percent of the ore on the average. 

Lithiophorite commonly occurs in veinlets along fractures or as crusts 
lining cavities (Fig. 9). The wider veinlets or cavity fillings are symmetri- 
cally banded and have typical comb-structure (Fig. 16). Crusts or layers 
are composed of tabular crystals, poorly oriented aggregates, or close-packed 
partial spherulites of lithiophorite flakes. Individual grains range from less 
than a micron to 0.1 mm in length. Where lithiophorite has filled open spaces, 
mammillary and botryoidal forms are commonly developed, like those com- 
monly found in colloidal precipitates, but the crusts show no internal band- 
ing (Fig. 17). In contrast, associated colloform cryptomelane and goethite 
show fine-scale layering. 

Some veinlets have obviously been formed (unmatched walls, enlargement 
of intersections, gradational contacts) at least partly by replacement of crypto 
melane or Nsuta MnO, (Fig. 9). In one specimen, replacement of crypto 
melane adjacent to lithiophorite-filled fractures has developed intimate inter- 
growths of the two minerals (Fig. 16). A few veinlets of lithiophorite are 


actually pseudomorphs of original veinlets of Nsuta MnO, or pyrolusite. 
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Lithiophorite is also found as partial or complete pseudomorphs after 
garnet in several specimens of quartz-garnet rocks (Fig. 18). In one speci- 
men of quartz-muscovite rock lithiophorite is distributed in many bands that 
are .03 to .25 mm in width and fractions of a millimeter apart (Fig. 19). The 
rock was earlier diffusel- replaced by Nsuta MnO,. In the lithiophorite- 


Fic. 17. Polished surface of cavity-filling ore. Plain light, x 50. Lithio- 
phorite (medium gray, massive) surrounds delicately layered iron oxide masses 
(dark gray), and in turn is bordered by thick-layered cryptomelane (light gray). 
Note lack of banding in lithiophorite, and needle-like crystals of cryptomelane lining 
cavity just above center 

Fic. 18. Polished surface of replacement ore. Plain light, 170. Garnet 
crystal in center has been almost completely replaced by lithiophorite (medium 
gray) and goethite (dark gray). Matrix is a quartz-mica rock largely replaced 
by Nsuta MnOs (white), a veinlet of which cuts the replaced garnet. In the 
matrix dark gray areas are non-opaque minerals. 


c 
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rich bands, lithiophorite has replaced Nsuta MnO,, but quartz and muscovite 
are unaltered. The bands are controlled neither by fractures nor by rock 
cleavage or bedding, hence probably are an imperfect form of Liesegang rings. 

A fine-grained mineral forming most of one specimen of “wad ore” gives 
a diffuse X-ray pattern somewhat similar to that of lithiophorite, but micro- 
scopically the material is in no way like lithiophorite. No published pattern 
matches the pattern of this material exactly, and its identity remains un- 
certain. 

Distinction of the Manganese Oxide Minerals in Polished Surfaces.— 
The distinction of Nsuta MnO,, cryptomelane, pyrolusite, and lithiophorite in 
properly polished surfaces becomes relatively easy after the observer has 
acquired some experience with the minerals. Lithiophorite is readily recog- 
nizable. It has distinct bireflectance in air (E, medium gray, O, light gray; 
Ry = 10.5 percent, Ro = 19.5 percent by the Folinsbee method, in white 
light), strong anisotropism, polarization colors shades of gray; A, 8 
in air (589 myp);' elongation positive. Dispersion is negligible. Under 
crossed polars, if the sensitive tint plate is inserted in the system, grains of 
lithiophorite cut parallel or nearly parallel to the C-axis change from clear 
blue to clear yellow as the stage is rotated. 

Pyrolusite almost invariably occurs in grains that polarize as units. Bi- 
reflectance is distinct (Rg = 33 percent, Ro = 39 percent); the sign of the 
phase difference is positive ; the reaction to the sensitive tint is weak; elonga- 
tion is positive ; A, = 4.0° (589 my) ; dispersion is distinct, r > v; polarization 
colors are brownish cream, brown, slate gray. Nsuta MnO, has faint but 
distinct bireflectance in air (shades of pale gray); the reflectivity of aggre- 
gates ranges from 32.5 percent to 38 percent in air. Aggregates of Nsuta 
MnO, therefore appear slightly grayer than pyrolusite crystals at their posi 
tion of higher reflectivity, and also are commonly grayer than fine-grained py 
rolusite aggregates. Further than this, however, the textures of aggregates of 
Nsuta MnO, in the ores studied serve to distinguish the mineral from pyro- 
lusite. The validity of this criterion has been checked by repeated X-ray 
determinations. In the rare coarse fibrous or spherulitic aggregates of Nsuta 
MnO,, elongation of fibers or sheaves is positive; the effect on the sensitive 
tint is weak; A, = 4.2° (589 my); dispersion is negligible. 

Cryptomelane in Nsuta ores is very finely crystalline; the most useful 
optical property is reflectivity. For aggregates, R = 29.5 percent in white 
light. Cryptomelane is therefore slightly but distinctly grayer than both 
pyrolusite and Nsuta MnQO,. Since all specimens containing cryptomelane 
also contain Nsuta MnO,, the recognition of cryptomelane is commonly easy, 
except in uncommon layers that are fine-grained mixtures of the two minerals 
The contrast is weakest in perfectly polished specimens but is markedly 
stronger in the usual polished surface, in which both Nsuta MnO, and cryp 
tomelane are apt to be pitted on an extremely minute scale. Because most 
surfaces of manganese oxides show minute imperfections, measurements of 
reflectivity have limited value, ut relative reflectivities, which remain constant 


1 For discussion of A, and other rotation properties, see Cameron, E. N., Econ. Grot l 


p 52-268. 1957 
F <- l 7 
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despite imperfections, are extremely useful and reliable. The resulting color 
contrast is emphasized under oil immersion at low magnifications. 

Iron oxides in general are readily distinguishable from the manganese 
oxide minerals, even in fine intergrowths, by their brown, red, or yellow in- 
ternal reflections, low reflectivity, and weak anisotropism. 

Goethite-—Iron oxide is irregularly distributed in the ore specimens 
studied and is lacking entirely in many. It occurs as colloform-banded frag- 
ments cemented by manganese oxides, as veinlets cutting manganese oxides, 
and intermingled on a minute scale with Nsuta MnO, in some specimens of 
replacement ore. It is invariably extremely fine-grained, and some of it ap 
pears from X-ray diffraction patterns to be essentially amorphous. 

Samples of iron oxide that gave diffraction patterns at all proved to be 
goethite, and this name is therefore used as a general term for iron oxide in 
the present report. 


PARAGENETIC SEQUENCE AND STAGES OF FORMATION 


Time relations among minerals are clearly indicated in most of the speci- 
mens, by veinlets of one mineral cutting others, by pseudomorphs, and by 
sequences of layers in cavity fillings. It is evident from these relationships 
that there is no fixed paragenetic sequence of the manganese oxides. Vein- 
lets of any one manganese oxide can be found cutting any of the others. 
Cryptomelane, pyrolusite, Nsuta MnO,, and a little lithiophorite occur in 
alternate layers. Unmatched walls of veinlets and enlargement of intersec- 


tions indicate that in places earlier-formed oxides have been partly replaced 
by other oxides. 


A broad sequence of oxides, nonetheless, can be recognized despite the 
numerous variations and exceptions. The sequence is best illustrated in 
specimens that have developed by a combination of replacement and cavity 
filling and consist of fragments of rock partly to almost completely replaced 
by manganese oxides and then cemented by oxides deposited in intervening 
spaces. In such specimens, the following general sequence is repeatedly 
shown : 


1. Replacement of rock fragments by Nsuta MnQ,,. 

2. Partial replacement of Nsuta MnO, by cryptomelane (in a few speci- 
mens ). 
Filling of interstitial spaces. 
a. Deposition of cryptomelane and Nsuta MnO,, commonly in alternat- 

ing layers. 
b. Deposition of pyrolusite. 
. Deposition of lithiophorite along fractures or as fillings of cavities left 

after deposition of the other oxides. 


The sequence given above may be regarded as ideal; there are numerous 
departures. Deposition of the minerals was apparently interrupted and ac- 
companied by fracturing, and the fillings of many of the fractures indicate 
repetition of a portion of the sequence. In the suite as a whole, it is evident 
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that every oxide mineral was deposited at several different stages of ore 
formation. Thus, in one specimen, the earliest mineral to form was pyro- 
lusite, which developed as a mosaic of anhedral crystals by nearly total replace- 
ment of rock fragments. Pyrolusite was subsequently replaced in large part 
by extremely fine-grained Nsuta MnO,, which pseudomorphs the mosaic 
texture. In certain other specimens, pyrolusite developed at an intermediate 
stage of deposition has been fractured and veined by Nsuta MnO, and cryp- 
tomelane in various combinations. In three specimens, lithiophorite is the 
last-formed mineral. In a fourth specimen, however, alternating layers of 
lithiophorite and Nsuta MnO, occur, and in a fifth, deposition of lithiophorite 
was both preceded and followed by deposition of alternating layers of crypto- 
melane and Nsuta MnO, 

The processes of ore formation—cavity filling, replacement, and leaching— 
are quite clear. The alternation of phases and the lack of any consistent se- 
quence seem best explained by variations in the composition and supply of 
manganese-bearing ground waters migrating downward through the ore. It 
is evident that each of the three principal MnO, minerals of the ore was 
capable of transformation into any of the others under the conditions existing 
Lithiophorite is the only manganese mineral not observed to be replaced by 
other oxides. Variations in content of alkalies and alumina in the percolating 
ground waters could explain alterations of Nsuta MnO,, cryptomelane, and 
lithiophorite; but factors controlling the stability of Nsuta MnO,, crypto- 
melane, and pyrolusite relative to one another are not indicated. Nsuta MnO, 
and cryptomelane appear to have been deposited largely from gels, but pyro- 
lusite and lithiophorite were probably deposited directly as crystals. 

The repeated fracturing indicated in almost every sample of ore could 
well be due to slumping of the material with progress of weathering and 
enrichment. 


Lithiophorite has been discussed so little in the literature that comparison 
with other known occurrences is desirable here. In the Postmasburg Dis- 


trict, Union of South Africa, de Villiers (5) found lithiophorite 1) disseminated 
7 


sparingly in bixbyite, as coarsely crystalline aggregates associated with 
braunite, bixbyite, hematite, psilomelane, and diaspore, and 3) as finely crys- 
talline, thin layers in laminated psilomelane-hematite ore. From his descrip- 
tion, it seems evident that the coarsely crystalline aggregates occur as crusts 
on bixbyite, hence that lithiophorite, in part at least, is later in the sequence. 
seyond this, the time relations are not indicated. At Buchan, Australia, 
Samson and Wadsley (22) reported lithiophorite intimately associated with 
chalcophanite 

Neither of the above occurrences shows much in common with the min- 
eralogical association of Gold Coast ore. At the Merid mine, Lafaiete, Minas 
Gerais, Brazil, however, Horen (11) has described lithiophorite in association 
with other manganese oxides. In the silicate-carbonate protores, it is found 
rimming partly decomposed garnets, and Horen concluded that lithiophorite 
represents a transitional stage in the breakdown and alteration of garnets to 
MnO, minerals plus aluminous clays. Lithiophorite and lithian wads were 
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also found among the supergene minerals filling fractures in the ore and 
protore. 

The occurrence of lithiophorite as given by Horen bears a general re- 
semblance to the occurrence of the mineral in Nsuta ores. In both it occurs 
as a replacement of garnet. In Nsuta ore, however, where lithiophorite is 
associated with other manganese oxides in pseudomorphs after garnet, and 
where time relations can be determined, lithiophorite is later than other Mn 
oxides. This is in agreement with its general position in the paragenetic se- 
quence as shown by the cavity fillings. It does not appear to be a transitional 
product in the alteration of garnet at Nsuta. 


X-RAY DIFFRACTION STUDIES 


General.—The X-ray studies of ore samples from Nsuta were performed 
primarily to identify fine-grained minerals and to check identifications made 
microscopically. The micro-samples described earlier were X-rayed using 
Norelco Straumanis-type powder cameras with a radius of 28.65 mm. Pat 
terns obtained were measured by means of the N. P. Nies transparent tem 
plate, and intensities were estimated visually. Certain samples of Nsuta 
MnO, were also exposed in cameras with a 57.3 mm radius to permit more 
accurate pattern measurement. The d spacings of lines on the larger films 
were measured using a Norelco millimeter scale reading directly to 0.1 mm, 
and relative intensities were checked by means of a Hilger and Watts photo 
electric densitometer. A Norelco basic X-ray unit was used to provide Fe 
radiation filtered with MnO,,. 

Standard Patterns.—X-ray powder patterns of most of the manganese 
oxide ore minerals have been listed and discussed by Fleischer and Richmond 
(8) and Ramdohr (21). These investigators did not describe Nsuta MnO 
or other material of the gamma-MnO, type. Gamma-MnO, has been dis 
cussed by numerous authors (23, 18, 19, 3, 2, 4, and 28), however, since it 
was first named by Glemser (9). 

Cryptomelane, pyrolusite, and lithiophorite-—Cryptomelane, pyrolusite, 
and lithiophorite give distinctive powder patterns, as shown by the close 
agreement of patterns of these minerals obtained by different investigators 


, 


The d spacings may vary slightly depending upon the exact chemical com 
position of given specimens, but identification of these minerals by X-ray 
methods in relatively pure samples is not difficult, as a rule. Typical patterns 
of these minerals in the Nsuta ore are given in Table 1 together with published 
patterns 

Nsuta MnO,.—Systematic identification of Nsuta MnO, and material of 
the gamma-MnO, type is difficult for several reasons. First, the patterns 
obtained from this material vary from specimen to specimen in clarity, com- 
pleteness, and interplanar spacings. The lines are commonly somewhat 
diffuse, and contrast is poor because of background fogging; reproducible 
measurements are therefore difficult. Second, the nomenclature developed 


by various workers for similar material is based upon the study of artificial 


products as well as ores, most of which give somewhat different X-ray pat 
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terns, and a usable terminology has not yet been agreed upon. Third, pat- 
terns made by use of different apparatus, such as the diffractometer and the 
powder camera, and patterns of materials of unknown purity add apparent 


discrepancies to the numerous real differences in X-ray patterns. To avoid 
contributing to further confusion, the authors propose to use previously de- 
fined terms as rigorously as possible. 


rABLE 1 





3.43 3.48 10 9 6.863 6.9 10 9 9.407 94 5 
VS 3.13 3.14 100 § 4.892 4.9 7 1 5.13 5.2* l 
Ss 2.41 2.41 50 3 3.445 3.4 0.5 10 4.70 4.73 10 
W 2.20 2.21 10 10 3.105 3.13 9B ; 3.13 3.15 3 
M 2.12 2.13 25 3 2.445 1 2.48 2.49 1 
M 1.97 1.98 1 2.387 2.40 10 2.41 3 
1.81 1 2.305 9 2.35 2.36 5 
1.68 4 2.183 1 2.27 2.27 1 
Vs 1.62 1.63 0 2.145 2.14 4 1 2.12 2.15 1 
Ss 1.56 1.56 2 1 2.097 | 2.04 2.03 1 
W 1.44 1.43 15 l 1.961 1.95 O.5B 1.8 1.88 > 
W 1.39 1.40 1 2 1.917 1.65 0.5 
S 1.31 1.31 20 1.820 1.82 2 i 1.55 1.58 ; 
Vw 1.25 4 1.633 1.63 1B 147 2 
Vw 1.20 1.20 5 4 1.618 1.45 2 
VW 1.16 1 1.544 1.54 3 j 1.44 
Vw 1.12 1.125 6 1.528 1.43 1 
Vw 1.10 2 1.423 1.43 3 1.40 1 
M 1.05 1.057 15 0 1.385 1.38 1.37 1 
W 1.04 1.04 10 1.36 2B 1.24 0 
Ww 1.00 1.0 10 5 1.347 6 1.23 1.23 1 
| 1.30 i 2 1.18 1.18 0.5B 
1.289 2/114 | 1.14] OSB 
0 1.230 1.07 0.5B 
0 1.209 
0 1.190 
0 1.135 
1 1.073 
1 1.052 
* Line possibly due to K-beta liati 
Ramdohr, 21, p. 48-49 
” Univ. of Wis., Spec. N All Nesut 
Fleischer and Richmond, 8, p. 280 
® Univ. of Wis., Spec. No. A97 (Neuta 
*’ Fleischer and Richmond, 8, p. 282 
Univ. of Wis., Spec. N 34 


The term gamma-MnO,, as first used by Glemser, referred to an arti 


ficial manganese dioxide with an X ray pattern consisting of eight lines, one 
of them questionable, as shown in Table 2 

Cole, Wadsley, and Walkley (3 compared Glemser’s pattern with similar 
patterns published by Dubois (6), McMurdie (18 , and patterns obtained 
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TABLE 2 
GamMMA-MNO; PowperR PATTERNS 


Glemser (9) Cole et al. (3) 
4d (A) I/le I/le d (A.) 


3.89 M () S (d) 4.02 
VVW 2.53 
2.42 M M 2.41 
2.09 M MS 2.10 
1.80 ? 
1.614 Vw Vs 1.62 
1.416 Vw 
W 1.38 
1.349 Vw 
1.305 Vw 
VVW 1.25 
*) In the tables, the symbols are as follows: VS—very strong, S—strong, MS—medium 
strong, M—medium, W—weak, VW—very weak, VVW—very, very weak; (d)—diffuse. 


during their own research. They concluded that the term gamma-MnO, 
should be used for material giving simple patterns similar to that of Glemser’s 
original material (Table 2), but not necessarily exactly like his pattern. 
Small differences in recorded d measurements may be due to minor structural 
differences in the specimens and to difficulties inherent in accurately measuring 
weak or broad lines. In addition, they recognized more complex patterns, 
termed types I and II gamma-MnO, (Table 3), which they considered addi- 
tional discrete modifications of MnO.,,. 

The lines that distinguish these patterns from Glemser’s gamma-MnO, 
are at 2.33 A., 2.57 A., and 1.37 A. in Type I, and at 4.38 A., 2.68 A., 2.34 
A., 2.05 A., and 1.59 A., in Type II. The line at 3.10 A. in the Type II 
pattern was said to be due to pyrolusite as a minor constituent. 

Others workers have also noted differences in patterns of gamma-MnO, 
type material, as mentioned by Cole et al., in both artificial products and ores. 
Schossberger (23) reportedly identified material of the gamma-MnO, type 
as well as pyrolusite in West African ores, and noted that a series of different 
patterns, perhaps transitional to pyrolusite, was observed. Feitknecht and 
Marti (7) showed diagrams of 3 types of patterns obtained from artificial 
products. Two of their patterns, type a and type b, appear to be similar to 


TABLE 3 


Gamma-MnoO;! Gamma-MnO,!! 
A.) I/l l/l ‘ 


\ 


M 4.38 
382 
W 3.10 (impurity 
Ww 2.68 
2.42 
Ww 2.34 
Ss 2.12 
Ww 2.05 
Ss 1.63 
Ww 1.59 
1.43 
1.35 
1.31 
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the gamma-MnO, and gamma-MnO,!' of Cole et al., as noted in the later 
paper. The third pattern, unnamed, is more complex than the others and 
appears to be similar to gamma-MnO,", except for the absence of the line 
at 4.38 A. Cole et al. did not note this resemblance, however. Unfor- 
tunately, Feitknecht and Marti did not tabulate the d spacings of the lines 
in their patterns and did not provide a scale for measurement; the tabulated 
patterns of Cole et al., are, therefore, to be preferred for reference purposes. 

The distinctions made by ( ole et al . have been criti ized by others, how- 
ever, including Levin (17), Tauber (27), McMurdie and Golovato (19), 
and Delano (4), who maintained that an infinite variety of closely similar 
patterns of gamma-MnO, type exists and that introduction of new terms is 
unwarranted. It is noteworthy, however, that Cole and his co-workers 
identified Type I gamma-MnO, in certain ore samples,and as the major 
constituent in some samples of Gold Coast (Ghana) ore, ‘indicating that this 
variety may, indeed, be a unique naturally occurring materia!. Gamma 
MnO," was not found in the ores studied by these men 

Since the first use of the term gamma-MnO,!' for naturally occurring 
material, the term has not appeared in the literature, as far as is known to the 
writers. Various authors have noted abundant gamma-MnO, in the Nsuta 
ores (23, 18, 19, 28, 4, 26) and have given patterns containing from 4 lines 
(19) to 18 lines (10), but the distinction between gamma-MnO, as described 
by Glemser and material giving a similar but much more complex X-ray pat- 
tern evidently was not considered significant until 1955,or later. In 1958, 
William F. Nye (20) wrote that the dominant mineral phase of Gold Coast 
ore gave an X-ray pattern identical to a chemically prepared MnO, termed 
rho (Signal Corps, U. S. Army, 25). Nye remarked that rho-MnO, is 
clearly different from gamma-MnO, 

In the present investigation, it was decided to designate as Nsuta MnO 
the oxides of the Nsuta deposit that give X-ray powdér patterns generally 
similar to those of gamma-MnO, as given by earlier workers, and to reserve 
the terms gamma-MnO, and rho-MnO, for artificial products. The latter 
terms are thus used as originally defined, and recognition is given to the fact 
that Nsuta MnO, is a mineral or a mineral group. Furthermore, certain 
differences are apparent in the patterns of the artificial and natural com 
pounds, and misleading or inaccurate comparisons may be avoided by strict 
adherence to the suggested terminology 


In order to systematize identification of the Nsuta MnO, in the specimens 


studied, the powder patterns of more than fifty samples were carefully com 
pared. It was found that all the pat'erns were basically similar with respect 
to relative sharpness and general distribution of the lines, but that the patterns 


f the 
lines. The best pattern of each group was selected and used for a standard. 


fell into three groups according to d spacings and relative intensities « 


For practical purposes, these three patterns are referred to henceforth as 
Type 1.64, Type 1.65, and Type 1.67, the number referring to the d spacing 
of the line near 1.65 A. This line is used as a reference because of the relative 


ease of measuring with accuracy the d values in this region on film. The 
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nO;': Cole et al. (3); Nsuta MnO (type 1.64); Univ. of Wis. Spec. No 
\-149; Nsuta MnO: (type 1.65): Univ. of Wis. Spec. No. A-73; Nsuta MnO: 
(type 1.67): Univ. of Wis. Spec. No. A-69; Ramsdellite: ASTM card 7-222. Dif 
ferent line widths indi nces in line sharpness on x-ray films. 
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TABLE 4 


ta MnO.” Neut p(s , Neuta n> 
; iad 4, - Rho-MnO Ramsdellite . ty , 
ry ‘ \ \ \ 
VVW 44 Vw 44 20 4.64 020 W 4.58 
VS 3906 VS(« 400 10 4.0 100 4.07 110 VS 4.11 
VVW 3.75 
20 3.24 120 
M 2.66 
VW 260 \V 259 2 200 100 2.55 130 
M 2.46 
M (s 2.43 M 2.43 9 2.43 0 2.44 021 
W 241 
M 2.34 M 2.35 4 23 60 2.34 111 M 2.3%6 
0 2.32 040 
VVW 2.21 Ir 2.2 10 2.27 200 Vw 2.29 
0 2.19 121 Sis 2.17 
S(s 213 | M(s 2.13 10 2.12 M 2.14 
vw 2.07 VW is 2.0 40 2.06 140 
W 1.93 
I 190 VVW 1.29 70 1.91 131 VW 1.88 
lr 1.82 20 1.83 230 I 1.85 
10 1.80 041 
10 1.72 150 
S 1 64 S 1 . 1¢ RO 1.66 221 S 1.63 
\ 1.60 W 1.61 sv 1.62 240 
VVW 150 VVW 0) 1.54 231 W 1.52 
RO) 1.47 151 
VW 1.42 ‘ 14 t 1.43 sO 143 002 W (« 1.43 
M 1.40 
I 1 VVW 2 1.36 RO) 1.36 061 VW 1.36 
Vw 40 1.35 112 
10 1.34 w1 W 1.33 
I 1.30 I i ? 1w 0 1.32 311 VVW 1.29 
I 12 60 1.27 170 VW 1.26 
| 1.2 ‘ 1.2 60 1.25 132 
I 1.21 21 121 4) 1.22 042 I 1.22 
I 1.17 I 11 I 1.19 
I 1.14 
I 1.11 
VVW 1 O¢ Vw 1.0 W 1.08 
Lit ~ t tte 
Sigr ( a | Ss \ 2 . 
ASTM « \ 222 (B 


patterns are given in Table 4, together with patterns of rho-MnO, and the 


mineral ramsdellite [hese patterns are presented graphically in Figures 
20 and 21, with patterns of gamma-MnO,, gamma-MnO,". and gamma 
MnO" as well as pyrolu ite, lor comparisor 


ype 1.64, which was { und is polished surfaces of 13 different specimen 


| a marked similarity to the pattern for gamma-MnO," as far as that pat 
ter give! iype 1.65, found in polished surfaces of 10 different hand 
pe ( very § ir to Type 1.64, but spacings of a number of the lin 
ire greater than in Type 1.64, and the patterns obtained were generall, 
sharper than thos« Type 1.64 
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X-ray diffraction patterns obtained with FeK-alpha 
Sources: Rho-MnO Signal J 


(type 1.65) Univ 


radiation. 
Corps, U. S. Army (25), revised; Nsuta MnOs 
of Wis. spec. No. A-73; Ramsdellite: ASTM card 7-222 (By 
strom) ; Pyrolusite: Univ. of Wis. spec. No. A-115. 


Different line widths indicate 
differences 


in line sharpness on x-ray films. 


The Type 1.65 pattern strongly resembles the pattern of rho-MnO, given 
by the Signal Corps (25) and revised by Nye (20). Certain lines of the 
Type 1.65 pattern (at 4.45 A., 2.25 A., 2.07 A., 189 A., 182 A., 1.61 A., 
1.51 A., 1.35 A., 1.17 A.) are lacking in this rho-MnO, pattern (Table 4, 
Fig. 21), but these lines are present in a powder film pattern, said to be of 


ig 
rho-MnO.,, supplied by Mrs. U. B. Marvin. Whether these weak lines were 
absent or ¢ verlooke d 1 


in the Signal Corps pattern is not known. In any case, 
further study of the apparently close relation between rho-MnQO, and Type 
1.65 Nsuta MnO, should be made 

The Type 1.65 pattern also has a similarity to that of well-crystallized 
ramsdellite, but certain differences are apparent in d spacings and line char- 
acter. For example, only six lines in the pattern of Type 1.65 are relatively 
sharp, whereas all of the lines in the ramsdellite pattern are very sharp. 
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Further, four fairly strong lines indexed as 130, 131, 230, and 041 (Table 4 
in the ramsdellite pattern are very weak in Type 1.65, and two other lines, 
indexed as the 111 and 040 reflections, are represented in Type 1.65 by a broad 
strong line 

Type 1.67 is an unusual variety in that it was found in polished surfaces 
of only 3 hand specimens. In overall appearance the pattern is much like 
Type 1.65 but d spacings of all the lines are larger than those of corresponding 
lines of the other types, and the conspicuous pair of lines near 1.65 A. is 
replaced by a broad line at 1.67 A. In addition moderately strong lines are 
present at 2.46, 2.17, and 1.40 A. 

\ sub-variety of Type 1.64 was found in polished surfaces of 4 of the 13 
hand specimens in which Type 1.64 was identified. The pattern is similar 
to Type 1.64 but is weak and contains only six measurable lines, the strongest 
of which are at approximately 3.8 A., 2.43 A., and 2.13 A. This material 
very likely has the same general structure as Type 1.64, but it may be mixed 
with a large proportion of amorphous manganese dioxide. 

Terminology.—In view of the differences in X-ray patterns of the natural 
and artificial compounds, and the uncertain relations between the materials in 
question, the use of the term Nsuta MnO, for the natural materials seems 
justified. Thus, the results of the present research may be clearly expressed 
without danger of implying direct relations, which are really unknown, to 
artificial compounds. These results suggest that we are dealing with a 
discrete group of natural materials which, however, differ somewhat in crystal 
structure, and probably in chemical composition, and that the variations are 
f the 
view that the materials studied represent one mineral or are members of a 


expressed in stepwise changes in the powder pattern. In support « 


mineral group, it is emphasized that each of the many powder patterns ob 
tained is identical to one or the other of the three types cited. Furthermore, 
a sample from the Quadrilatero Ferrifero, Brazil (collected by J. E. O'Rourke 
and X-rayed by S. W. Bailey) and one from Busuanga Island, Philippines 
(collected by R. K. Sorem), gave patterns closely similar to those of the 
Nsuta material. Samples from other localities will be studied as a means of 
checking the validity of the proposed group, and it is hoped that other in 
vestigators will present X-ray patterns from their files to aid in this phase 
of the problem. Eventually we hope to gather chemical data and more physi 
cal data so that the proposed mineral may be properly characterized. 

It is notable that no evidence has been found in the X-ray patterns to 
support the belief of McMurdie and Golovato (19) that material of the gamma- 
MnO, type, including Nsuta MnO,, is poorly crystallized pyrolusite, or that 
an infinite variety of patterns exists transitional from pyrolusite to ramsdellite, 
as postulated by Bystrom (2) and Delano (4). Patterns of these minerals 
may be compared with those of the Nsuta MnO, group in the tables and the 
figures. Dissimilarities among the patterns are marked. It is suggested 
that the inadvertent use of polymineralic specimens in X-ray work could easily 


lead to the conclusion that a continuous gradation exists from pyrolusite to 
ramsdellite 
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Likewise, the results of the present investigation do not tend to support 
the view of Cole et al. (3), Tauber (27), and Delano (4), that “Gold Coast 
gamma-MnO,” (Nsuta MnO,) is poorly crystallized ramsdellite. Powder 
patterns of Nsuta MnO, show certain similarities to the pattern of ramsdellite, 
(see tables and figures), but the differences are striking, particularly in the 
pattern of Type 1.67, the material that gave the clearest pattern and which, 
therefore, may be the best-crystallized 

The question naturally arises as to the reasons for the differences in the 
type patterns of the proposed Nsuta MnO, group. Of particular interest 
are variations in line breadth, discrepancy in number of lines, and minor 
differences in interplanar spacings. Only preliminary and general sugges- 
tions may be made at present, as the crystal structure of the material and the 
chemical compositions of the specimens are poorly known, but these may be 
worthwhile. First, actual differences in crystal structure and composition 
may cause the differences in X-ray patterns. For example, the structure 
may be imperfect due to minor impurities, order-disorder phenomena, or 
non-stoichiometric composition. Also, certain types of defects in structure 
may cause changes in symmetry, or may cause diffraction to occur at angles 
slightly different from the true Bragg angle 6. Further, the ratio of amor- 
phous MnO, to crystalline MnO, in different specimens may vary widely. In 
addition to these internal causes of pattern variations, other factors of a more 
mechanical nature must be considered. For example, great variations in grain 
size, preferred orientation of crystals, and different modes of X-ray investiga- 
tion may lead to presentation of different results from small samples of a single 
ore specimen. As an illustration, a diffractometer sample is many times 
larger than that used in the powder camera, and, considering our observations, 
such larger samples will almost invariably be mineral mixtures. The diffrac- 
tometer would therefore record lines from two or more minerals, and super- 
position of some lines could occur. In another instance, the diffractometer 
record of a pure sample with an X-ray pattern characterized by paired lines 
only 0.02 or 0.03 A. different in d spacing may not resolve the two lines, 
particularly if one of the pair is very weak or the pattern background strong 

Possible fundamental differences in crystal structure are clearly of the 
greater importance in attempts to understand better the nature of Nsuta 
MnO,, but the mechanical causes of differences in data must be borne in 
mind when the work of different investigators is compared. However, until 
the crystal structure of this modification is known, a full understanding of 
the cause and of the significance of the variations in powder patterns of the 
group will not be possible 


SUMMARY 


Three types of ore—replacement, cavity-filling, and residual—have been 
recognized in specimens from Nsuta. Replacement and cavity-filling ores 
are the most common and are intimately associated in many specimens. 

Structurally, the ores are complex and range from massive to well-layered. 
Layering and other features inherited from the original rocks are cut by 
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irregular banded veinlets, and colloform layering and botryoidal forms are 


commot Many textural features such as spherulitic aggregates and pseudo 
orphic relations are comn but 


Nsuta MnO, al | crvpt melange 


| ane are the most abundant manganese oxides 


visible only under the mi roscope 


found, but pyrolusite and lithiophorite are common and are abundant in some 


specimens. In most specimens these minerals can be distinguished from one 
another by microscope. study. but control of the 


t optical work by means of 
X-ray identification of micro-samples is essential. Where grain size is very 


small, powder camera X-ray study is the only sure 
The term Nsuta MnO, is introduced as a tentative name for the mineral 
or mineral group most al lant in the ores. Although Nsuta MnO, has 


physical and optical properties that commonly permit its identification micro 
scopically, it has not beer | wusly described 


i 


means of identification 


Earlier investigators have 
referred to the chief constituent of Nsuta ores as gamma-MnO, or rho-MnO 
on the basis of X-ray « mination, 


but evidently no attempt has been made 
to study pure samples and precisely characterize the natural material. In 
the present work, three discrete variants are indicated by 


i 


X-ray powder 
patterns, and none gives a pattern identical with published patterns of gamma 
MnO, or rho-MnO,,. 


The general sequence of mineral formation is Nsuta MnO, earliest, then 


cryptomelane, pyrolusite, and lithiophorite. The sequence is not complete in 


most specimens, and reversals and partial repetition are commot 


Oxide formation as a whole was evidently controlled to a large extent by 


mineralogy of the host rock and fractures, but the factors that determined 


the oxide phase stable at any particular stage are not known 

The mode of origin of the ores remains problematical, chiefly because of 
the lack of detailed information on the field geology. The minerals and 
features of the ores observed in the laboratory, however, are consistent with 
a supergene origin 
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dolomitic sandstone with yptozoa or algae and associated anthraxolite 
in its upper part. ~ al kne 
by Neilson (16, p. 50-51 

Boulder Bay Quartzite ame Boulder Bay has been suggested by 
|. M. Neilson (19) for the 
Boulder Bay on Lake Albanel 


In outcrop the quartzite 


s of the Albanel dolomites is estimated 
vee! 6,500 ar d § 400 feet 


exposed in the vicinity of 


vitreous white or light gray. It generally 
contains more than 90 percent of rounded quartz grains which show excellent 
overgrowths. The matrix may be chloritic with some siderite or dolomite. 


y | 
minor amounts of chert, small grains of plagioclase and zircon. In at 


least 
me locality the quartzite has boulders 


of dolomite at the base. In some places 


«if 


the Boulder Bay quartzite grades upward into the lower member of the 


lemiscamie iron-formation by of carbonate and chlorite. The 


thickness ranges from 20 


— 


Temiscamie ron-formation is about 700 feet thich 


l the basis of lithology (21 


il d has hee rh ai 
The lower arg e men ck composed essentially of fine 


I grained 
muscovite and other layered silicates It 


‘ ense black and thinlv bedded 
he thickness ranges from 9 to 40 feet 


The lowe deritic chert men } | 


omposed ot thick sideritic chert beds 
alternate with thin iron carbonate beds containing stilpnomelane 
ness ranges from 20 to 100 fe 

The magnetitic chert memb ono llv the most i 
and hematite 
ite and ; 1 1 groundma of quartz and chert Oy 
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of the Temiscamie iron-forn itv Magnetite 
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Th 
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miles Ni llel to the eas ore of Lake Albanel, the 
wnetitic chert member ranges from 73 to 195 feet 


The upper argil } l imilar in appearance to the 
ber However, i ontra it ankerite 


men and siderite 


abundant mine, ils ini common Various beds 
green or reddisl This member may be 


1 bre A 
or as thick as 45 feet 


\ maqnetitic tron-s eml is not extensive, and is probably 
within the upper argillite member It occurs only in some of the fault blocks 
Temiscamie 41 Ay iwnetite is scattered or concentrated in thi 
Plates of stilpnomelane make up most of the matrix of the magnetiti 
light-colored layers of chert, iron carbonate and minnesotaite 
rt between the black 1 iwnetitn beds The thickness of this member is 
to determine becaus f much repetition by faulting; hi 
100 feet 


wever, it 


very similar to the lower sideritic chert 
The presence of oolites and granules 


in the upper member serve to dis 
tinguisl! It has been computed to be at least 300 
feet thicl 


considered this sequence of rocks to | 


V« 


rmation Neilson (16) elevated the unit 
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on gneiss. They are commonly fine to medium 


ined. dark colored and with good foliation or lineation 


gt 2 
Near the western margin of the large mass of gneiss, in the vicinity of the 
sult zone. foliated orthogneisses 25. p. 9) and nor foliated rocks have been 
emplaced These rocks generally range in composition from syemite to grano 
diorite \lthough the main ma f the acid intrusive rocks is at the western 


margin of the complex, rocks of sin ilar lithology and field relationships occur 
10 to 15 miles farther east [he contacts are typically sub parallel to the 


foliation in both the granite orthogneiss and the mica paragnetss The 


<hibits foliation, but it is often difficult to discert 


rthognet s commoniy ¢ 
In the irea wdjoining Lake Béthoulat near the northeast corner ol the 
p area is a large mass of g ibbro and feldspathic gabbro Neale (15, p. 8) 
tates that this mass truncates the structural trend of the paragneisses and 


‘1 turn is cut by dikes of granitic composition Neilson (17, p. 4) found 
‘ns to the south along the Temiscamie River He 


vilar rox ind relati | ps t 
ater described lithologically similar but sn ler intrusions still farther south 
nd states that this rock “appears to be intrusive into pink granite, and it is 
it | everal narT northwe ster] stril ing dvkes of pegn atiti granite” 
20, | 13 It seems most pt hable, therefore, that these gabbroi rocks 
re younger tl the paragneisses but older than the granites and ortho 
neisses 
RIU'CTURE 
Che map are Fig. 2 emprised of three major units of marked 
eontrastine structure: the Gret etamorph complex with a northeast 
uthwest tre he Takwa intrusive complex and Sam Gunner group witl 
east-west trend, and the Papaskwasati and Mistassim groups dipping 
rently to the utheast \ll three abut agaist or are terminated along the 
\listassit t e which is the major structural feature of the area 
lhe oldest rocks are the schistose series of volcanics, meta-sediments and 
ociate tt ‘ the Sam Gunner group. These rocks aré essentially 
ertical in attitude and strike about east-west Thev are intruded by the 
Takwa compl rhe ortho- and paragneisses of this complex also dip at 
high angel ! trike about east-west. The Sam Gunner group and the 
Takwa « ple ‘re cut off to the east near the Temiscamie River by the 
northeast uthwest trending Grenville metamorphic complex The juxta 
position curs along the well established Mistassini fault zone, here paralleling 
the east bank of the Temiscamie River This fault zone extends to the south 


kt vn as the Hurot Mistassini fault It has also been called 


west where it 


the Grenville fault or the Grenville tront 


South of the are the Sat (;unner grou] and the Takwa complex and 
west of the fault zone lie the relatively unmetamorphosed sediments of the 
Papaskwasati at d Mistassini groups. Within most of the area they dip 


gently to the southeast However, near the Temiscamie River the upper 
Upper Albanel dolomite as well as the three immediately 
r formatior ‘ the Mistassini group, including the Temis 

| lef med nd occur as fault blocks th it diy 
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steeply to the southeast and are in places overturned. This increase in defor 
mation close to the Temiscamtc River is attributed t 


» movement along the 


Mistassini fault zone Toward Lake Albanel, away from the Temiscamie 
River, the iron-formation exhibits a few minor rolls \ series of en echelon 
faults striking northeast and having a nearly vertical dip lie in the Kallio Lake 
Ruth Lake-Plateau Lake area The largest of these faults has a vertical 


displacement of about 500 feet and a strike length of over eight miles 
I. C. Coleman (personal communication, 1957) found that north of the 


map area the Mistassi i fault bends more to tl e east and passes ab ut two 
iles north of Lake Pletipi From this point it probably proceeds eastward 
to the vicinity of Mt. Reed North and east of the map area and north of 


i 
‘ 


limentary rocks of the Indicator 
Lake Series (Otish Mountains group, (2), p. 129) similar to those of the 


the eastern extension of the Grenville fault, se 


Mistassini group have also been reported (22, p 17 Iron-formatior 
occurs northeast of Lake Pletipi, at Mt. Reed and at Mt. Wright 


I 


COMPOSITION Of HE TEMISCAMIE IRON-FORMATION 


The approximate bulk composition of the Temiscamie iron-formation, 
excluding the lower argillite member, is given by the chemical analysis (Table 


1, No. 1) of a composite sample. This sample was made up from core of 


TABLE 1 


(HEMI \ YSES OF ITRON-FORMATIO® 
] ‘ 
Sid 31.22 $1.12 41.10 19 52 
AO 4 1 1.88 a) 


riO 02 t 04 


PO 13 04 1.28 02 
Fe) 12.58 10.81 12.90 10 
ket) 2 4 23 Re 21.34 41 ¢ 
Me 394 +2 1 OR 2 &R 
MnQ) ( 4° 2.42 99 
( {) At 9 
4‘) 
KO 
Hw) ‘ 343 153 92 
Ha&) aT 
co) 19.69 47 11.60 21.15 
( I 1 
Tot 100 O¢« 99 #1 100.29 99 &O 
Total Fe 28 81 26.11 25.63 25.34 
1 Temis Ss ‘ m five mon ' oles repre 
senting the Temiscami« xce ower argillite member Total thickness 
. yximate 535 fee C. O. Ingamelis, an et, Rock Analysis Laboratory 
2. Main Mesabi district, Minnesot verage composition computed by Gruner (8, Table 11) 
from 14 herr . r yses ‘ ° ‘ ‘ ’ n-formation 
3. Cuyuna district, Minnesot erage mposition mputed by Gruner (8, Table 11) from 
f ‘ ne } -s 
4. Goget . t. W M ge - n ed by G er (8, Table 
11 f 
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five diamond drill holes and represents a thickness of about 535 feet. In 


cluded in the table for comparison are averages computed from chemical 


§ the iron-formations from the main (central) Mesabi and Cuyuna 


analyses ot l 
districts of Minnesota, and the Gogebic district of Wisconsin and Michigan 


The chemical analyses show some striking similarities, but at the same 
time some equally important diff 
(Fe) which ranges from 25.3 to 28.8 percent and the relatively 


Of particular interest is the tenor 


of total irot 


mall contents of alumina and titani The average TiO, content of the 


istrict. if the figure of 0.15 percent is reliable, 


iron-formation of the Gogebic « 
is many fold greater than that of the Mesabi, Cuyuna and Mistassini districts 
Similarly, the P.O. content of the C1 
mie iron-formation (0.13 percent) and 


Mesabi (0.04 percent ind Gogebi 


tvuna district (1.3 percent) is notably 


times that of the ‘Temusca 


high, te 
much greater than the averages for the 
(0.02 percent districts 


The large percentage of CO 19.7 percent) in the Temiscamie iron 
formation composite reflects the large content of siderite and ankerite, and is 
notabl ‘lar to the calculated 21.2 percent of CO for the Gogebic district 
The CO, content r the Cuvuna and Mesabi districts are appreciably lower 


11.6 and 4.8 percent, respective In its relatively large content of CaO (5.2 


formation is in sharp contrast to the other dis 


tricts, the closest approach being 2.1 percent tor the Cuvuna district. Unlike 
lime, magne uippears to be relatively uniform, ranging trot 29 to 4.0 
percent Che alkal re to negligible unt 

I) ir the portant che i] features of the Precambrian tron 
formations of the four district re the low contents of alumina and titamia 


ntent. and the variabilitv of the other constituents 


the similarity 1m total iron é aT 
which relative deficiencies appear to be compensated largely 1 the sili 
ntent Ty enet CO. and SiQ,. vari versely 
ORRI oO 
Che similarity in chemical composition of the Temiscamie 1tron-tormatior 
th tl e of the Lake Superior regior has been noted Chemical analyses 
f the t tor twtr f the Lab r tr ug! ire not ivailable lor compaf4ri 
! Wahl (25) concluded that the similarity 1 stratigraphy and lithology 
§ the Mistassini basin and of the Labrador trough indicate s that the sedi 
nents ere deposited at appre mately the same time and probably i the 
me epicontinental se Berger ?) also favors the correlation. There 
ire similarities 11 the tratigr phi succession ¢ f the Mistassini at d Lake 
Superior trict Che ir rmations are underlain by quartzite and over 
un b irgillite t ite I e the Pokegama quartzite of the Mesabi 
district of Minnesota which li mn an erosion surface cut on granite and 
etamorphic rocks, the Boulder Bay « uartzite of the Mistassini district over 
lies a thick s es \lhanel dolomites and Papaskwasati clasti sediments 
In this respect the stratigraphic succession resembles the iron districts of 


Wisconsin and Michigat ie The correlation of Precambrian rocks 


n tl hasis of composition and stratigraphic 
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succession is not always dependable ; environmental conditions may have been 
duplicated, and as a result similar rocks may have been deposited at different 
times 

In August of 1957 a series of samples was collected (S. S. G. and T. 17 
().), and three of these have been utilized for A**/K* age determinations 
The locations of the samples are shown on Figure 2, and the results are given 
in Table 2 

Sample 1 is fresh clean biotite from a dark-gray compositionally banded 
gneiss collected on the northwestern shore of Lake Kawwachigamau. The 
greater part of the rock is light-gray, fine-grained quartz and feldspar. The 
banding results from black schlieren or layers of biotite, 1-2 inches long and 


approximately 4 inch wide, that make up about 10 percent of the gneiss 
Numerous large grains of quartz and some of feldspar are conspicuous. <A 


thin section shows that the rock has undergone recrystallization, and the 


rABLE 2 
RADIOACTIVITY DATES FOR SAMPLES FROM MISTASSINI District 
Sample Ko Ke Ae ne/Ke K-A Ag Rb-Sr Age 
1 903 9.05 0.702 0.0776 1.00 
2 7.33 7.34 1.10 0.150 161 1.67 
109 0.149 160 
z wi “ 0.957 0.109 129 
0.952 0.109 1.29 
* Parts per million by weight based on isotopic abundance of 1.21 K 10°* g/g K K-A con 
stants: A, 0.585 «x 10 e.3 2 4.72 x 10 yr Rb-Sr constants: Ag 1.39 x 10 
1. Paragneias, Grenville metamorp! mplex, Lake Kawwachigamau, 51°18°N, 72°18’W, Cat 
No. KA-197 
2. Granite gneiss, Takwa complex, Lake Sam Gunner, 51°25’N, 72°29’W, Cat. No. KA-198 
+ Lower argillite Temiscamie iron-formation, Lake Albanel, DDH R14, 253 feet, 50°52’S 
73°15'’W, Cat. No. KA-211 
texture is granoblastic and poikiloblasti The plagioclase, andesine, con 


tains numerous inclusions of small quartz grains, variously oriented flakes 
of biotite, and a few fractured grains of sphene. It is extensively replaced 
by microcline with the development of antiperthite. Sericite and calcite are 
minor alteration products. Quartz, in addition to the abundant small in 
clusions in the porphyroblastic plagioclase, occurs in larger mutually sutured 
grains. The estimated mineral composition of the thin section is quartz 
30; plagioclase, 30; microcline, 30; biotite and other minerals, 10 percent 
The composition is that of a quartz monzonite, but the gneiss probably is of 
sedimentary origin 

Sample 2 is biotite separated from fine-grained, gray to pink gneiss of the 
Takwa complex from outcrops just northwest of Lake Sam Gunner. This 
locality is 11 miles northwest of Lake Kawwachigamau and approximately & 
miles west of the Mistassini fault. A thin section shows a granoblastic, 
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ville orogeny. This line of reasoning suggests that in the Mistassini district 
to the southwest the dated rock also may have been affected by the Grenville 
orogeny 

Biotite is highly susceptible to recrystallization with loss of radiogenix 
argon, so that K-A ages commonly are survival values, dating the last thermal 
history (7 Recent investigations (4) in the Appalachian Mountains are 
instructive in this regard. The Baltimore gneiss of Maryland and Pennsyl 
vania, on the basis of concordant U-Pb dates for zircon and a Rb-Sr date 


for microcline, is 1,000 to 1,150 million years old; however it was meta 


morphosed during the Appalachian orogeny (300-350 m y) with the result 
that the microcline lost argon and the biotite lost both argon and strontium 
Kb-Sr ages for four samples of biotite range from 305 to 390 m y. The 
corresponding K-A dates on three samples are in each case greater than the 
Rb-Sr values and range from 338 to 550 m y. The loss of argon and of 


strontium by recrystallization of the biotite in the Baltimore gneiss in terms 


of time is of the order of 500-850 million vears. If it is assumed that the 


biotite of the Takwa gneiss has undergone a similar loss of argon and of 


strontium as a result of the Grenville or of an earlier orogeny, the true age 
of the gneiss might well be in excess of 2 billion years and in the range of the 
Keewatin continental nucleus as proposed by Cumming, Wilson, Farquhar 
and Russell (3 

The relatively unmetamorphosed sedimentary rocks of the Papaskwasati 
and Mistassini groups that overlie the Takwa complex northwest of the Mis 
tassini fault, in comparison with the high-grade metamorphic gneisses of the 
Grenville complex southeast of the fault, suggest that metamorphism of the 
latter was not accomplished in the present site. Only subsequent to the 
Grenville orogeny were the gneisses brought into juxtaposition with the rocks 
of the Mistassini group and the Takwa gneiss. The possibility of a pre 
Grenville orogeny therefore should be considered 

\ssuming for purposes of this discussion that Wahl’s (25) correlatior 
is correct and that the rocks of the Mistassini district and of the Labrador 
trough region were deposited in the same epicontinental sea, the geologic 
history can be interpreted on the basis of three major periods of orogeny 
In the Mistassini district the oldest orogeny resulted in the folding and meta 
morphism of the Sam Gunner group and was accompanied by emplacement 
of the Takwa intrusive complex. The Papaskwasati and Mistassini groups 
were deposited on a surface cut on the rocks of the Sam Gunner group and 
f the Takwa con ple x The source of the sediments probably was the more 
or less reduced mountains to the west, but a second speculative source may 
have been an island arc to the east. The accumulation of a thick sequence 
in the eastern eugeosynclinal portion of the trough was followed by folding 
accompanied by metamorphism, granitization and granite intrusion. The 
rocks in the vicinity of Lake Mistassini resting on the craton were not involved 


in the tight folding and high-grade metamorphism. The time of folding 


based on dates from the Labrador trough was at least 1.5 billion years ago 
Che 1.6 b yv date obtained for the Takwa gneiss may reflect this orogeny. The 


mountain belt formed during this second orogeny provided the sediments which 
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serpentinite body are mainly textural 


vsotile and ; and are classified as follows 
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Chemical Analy if typical serpentinites in the 
area are given in Table | he greater amount of Al,QO, in the host roc 
than in the asbestos consistent with analyses given by Kalousek 
and Muttart (4) for ; umber isbestos deposits. 

Ashestos Veins way the chrysotile-asbestos veins at Cassiar 
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Most of the asbestos occurs in cross-fiber veins in which the chrysotile 
crystals are oriented at large angles to the walls. One or more partings 
are generally present in the veins and are emphasized by magnetite grains 
or stringers and serpentinite chips. The partings are generally irregular, 
the irregularities being most pronounced in the widest veins. On the other 
hand, the vein-walls are, in many cases, remarkably planar regardless of the 
width of vein. This characteristic implies that the partings probably do not 
represent initial fractures that formed the loci of replacement veins. Match 
ing irregularities in vein-walls are sufficiently abundant to indicate that frac 
ture-filling played a dominant role in ore deposition 

Individual veins may persist for as much as 10 or 15 feet but generally 
they are much shorter, particularly where the fractures are densely spaced 
They split, branch, and terminate either by merging with veins running in 
other directions or by pinching out. Short veins without apparent conne< 
tion to other veins are commonly lenticular 

The fiber is exceptional both for length and quality. Fibers ranging from 
} to 1 inch in length are common. The milled product has relatively low 
iron content although magnetite is fairly abundant in partings and along the 
walls of veins. As will be pointed out below the low iron content of the 
asbestos may be due to the early accumulation of magnetite in fractures 
Where cross-cutting relationships are present asbestos veins invariably cut 
magnetite veinlets. 

Some veins show remarkable effects of post-vein shearing. Such deforma 
tion is most apparent near the foot-wall of the deposit. Off-setting of one 
vein by another, although not particularly common, points to deformation 
accompanying asbestos-formation 

Asbestiform Veins in Rocks Near the Asbestos Deposit—In country 
rocks near the asbestos deposit many steeply dipping veins and veinlets con 
taining quartz, tremolite, zoisite, and carbonate have a cross-fiber structure 
identical to that of the asbestos veins (Fig. 9). Many of these veins display 
a banding parallel to the walls similar to the wavy banding observed in the 
fine-grained banded chrysotile of the asbestos deposit 

Genesis of the Chrysotile Asbestos—Before emplacement of the Cassiar 
granitic rocks the ultramafic body at Cassiar probably consisted essentially 
of mesh-structure chrysotile, serpophite, and minor bastite. This mineral 
assemblage is typical of all small ultramafic bodies in the area remote fron 
the contact-metamorphic effects of the granitic rocks. Restriction of asbestos 
veins to the serpentinite and the general similarity in composition of the veins 


and host rock suggests that the vein material was derived from the host 


serpentinite and that the material had limited mobility. The following sux 


cession of events 1S postulated 


1. Folding and metamorphism of the serpentinite and enclosing rocks 
accompanied the emplacement of the Cassiar batholith. As a result the ser 
pentinite body was complexly fractured and brought into a metamorphi 


environment perhaps equivalent to the upper part of the green-schist facies 
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Phi histose meta-sediments that outcrop in the southern part of the 
ineralized area are quartz-rich, mineralogically banded, and exceedingly 
fine-grained. ‘They contain actinolite, chlorite, or one of the micas, as the 
principal aluminum- or magnesium-bearing mineral \lthough the most 
ommon mineral associations are quartz-chlorite and quartz-actinolite, one 
horizon, which may be derived from graywacke, is characterized by the assem 
blages quartz-albite-chlorite, quartz-sericite-chlorite, quartz-sericite-biotite, 
and quartz-sericite-muscovite 

In drilling the fourth diamond drill hole, the massive sulfides gave way 
abruptly to exceedingly hard, fine-grained, grayish white calcareous siltstone 
The rock consists of quartz (60 to 70%), plagioclase (10 to 20%), calcite 
(10 to 15%), and minor quantities of chlorite, sericite, ilmenite, magnetite 
and pyrite. Zones of discoloration or bleaching extend from pyrite-bearing 
veinlets of calcite. In this respect the siltstone resembles some horizons of 
the Devonian host-rock of the Gaspé copper ore bodies. 

Hornblende-rich, quartz-poor rocks, for the most part amphibolite, out 
crop in the northern and eastern portions of the mineralized area. The am 
phibole, which forms from 40 to 60 percent of the rock, is strongly pleochroic, 
bluish-green hornblende (c°Z = 23 In most sections, hornblende shows 
pronounced preferred orientation, which defines the schistosity. The amphibo 
lite formation is subdivided on the basis of the composition of the remainder 
of the rock 

In andesine amphibolite all minerals are recrystallized to form a granular 
texture. The grain-size, in contrast to that of some tuffaceous derivatives, is 
even. Plagioclase is commonly twinned, cloudy and partly altered to saus 
surite 

In albite-epidote amphibolite, plagioclase has been broken down by con 
version of the anorthite molecule to epidote. The grain size of this rock is 
variable. Hornblende is partly altered to chlorite. Plagioclase is untwinned 
Scapolite and other vein minerals occur in higher proportions than in andesine 
amphibolite 


Quarts-bearing amphibolite is distinctly banded and contains between 10 


and 15 percent quartz. There are both andesine- and albite-epidote-bearing 


varieties which, in one case, alternate in the same specimen. 

Of these three varieties of amphibolite, the first two are regarded as de- 
rivatives of basaltic and andesitic lavas; the third may be metamorphosed 
basaltic or andesitic tuff. In the drill cores, the bands of tuffaceous appear 
ance are decidedly subordinate in quantity to the massive lavas 


STRUCTURE 
Massive sulfides were intersected on lines SE, 1OE and 1ZE in DDH. 1, 
2 and 4 (Fig. 6 In DDH. 1, a section of only 22 inches contains ore-grade 
copper mineralization. A core length of 14.5 feet of massive sulfides which 
was intersected in DDH. 2 is on the southern wall of an alteration zone of 


cordierite hornfels The san was cut in DDH. 3 on line 4E, where it is 
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general alteration is a cordierite-anthophyllite phase in which the anthophyllite 
needles form radiating clusters or rosettes. The local term of “Rad” has come 
into use for this type, which is closely associated with the orebodies as are much 
chlorite and clear porphyroblasts of cordierite 


ORIGIN 


Facts that emerge fron tudy of thin and polished sections from the 


Garon Lake deposit are 


1. Cordierite-anthophylli rnfels is formed by the alteration of quartz 
biotite-sericite schist 

2. The hornfels is ma 
metamorphism of the Keewatir ks and of the Bell River Complex 


3. The body of massive sulfid s closely associated with the zone of 


1 


ive and has therefore been formed after the regional 


hornfels, which also is the host-rock of disseminated sulfide mineralization 


+. The sulfides were introduced contemporaneously with the alteration « 
the hornfel 
ind the introduction of the sulfides were 
processes, which seems likely from the 
facts, a clue to the origin of the sulfides would be provided if the source of 
the magnesium that was added during the formation of cordierite and antho 
phyllite were know1 lurner (9) savs in this connection: 

It is pe i! hat dilu ueous solutions of magnesium salts emanating 
from the cooling granite hav sused ji luble silicates of magnesium to crystallize 
in place of sili ining lcium or sodium, the corresponding calcic or 
sodic compoun having or soluble than the magnesium salts under 
prevailing conditions f 1 isomatist Petrologists who regard granites 
products of metasomatist lace i pret basic (desilicated) contact zones of 
cordierite and anthophyllite rocks a asic fronts” (magnesium fronts) enriche 
in magnesium expelled from tl djacent zone of granitizatior 

The occurrence of granite, which was intersected in drill holes on lines 
13E and 14EF, fi interpretation. Alternatively, the second 
could be applied si he granitization of the fringe of the Bell River Con 
plex, or | basi lik could provide ample magnesium (and 
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RODUCTION 


PREVIOUS studies indicated that ar apatite was formed by replacement of 
calcite in the presence ol alkaline phosphate ( PC ), 

further established that this replacement was probably the principal forma 
tional process of phosphorite deposits (2 During this process, it was 
found that substantial quantities of 


) solutions (3). It was 


certain cations were removed from the 
influent solution into the forming apatite lattice. “Substitution” is 
] 


IS a poor 
descriptive term for this inclusion process as it implies that a calcium ion al- 
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ready present in the apatite lattice 
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before entering and immediately after leaving the calcite column. The pump 
used was a Lapp “Microflo” calibrated to deliver standard flow rates through 
the columns. Blade heaters in conjunction with a microswitch were used to 
maintain temperatures. Tygon or pyrex tubing was used throughout the 
flow circuit, and these were changed with each change in radiotracer. With 
f influent equivalent to the volume of the 


changes in flow rates, a volume « 
pump plus tubing plus column was first passed through before sampling 
Calcite columns were changed whet concentrations in the influent solu 
tions were changed The stainless | Lapp pump was easily decontam 
inated with HNO, between rut 

Pm'*? was utilized during this udy as representative of the trivalent 


_- & uranyl nitrate, and Sr®” and Pu were also 


rare earths ( Pm( 
nitrates. The Sr® and Pi i" btained from Oak Ridge as spikes of 
high chemical purity were Hanford products of like chem 
ical purity 

\ll radiochemical analyses were by the Analytical Laboratories of the 


Hanford Laboratories Operatior 
irea of the standard 0.25 to 1.0 mm calcite was determined to 
4 


average 0.1 m*/g by the standard B.E.T. N, adsorption method 


RESULTS 


C,, vs. flow rate yielded a breakthrough curve analogous 

xchange column where throughput is plotted against C/C 

ijoisotope concentration, C influent radioisotope concen 

tration however, the number of cation sites generated during calcite 
lattice rearrangement by increases with decreasing influent solution 
flow rate The number of n sites generated per unit time, unlike the 
case of exchange resins, remain stant if calcite altering conditions remait 


constant (temperature, influent solution composition, flow rate, et For 
this reason, flow rate may be used as a variable rather than column throug! 
put Another vari: might hav en chosen but flow rate proved 

the most convenient 


With an ion exchar umn, the number of cation sites is 
nature of the exchanger itself d the number of these sites availab 
mine ne a through morenes Ii Les 

yiven imcoming Cations decreases as roughnput increases la Calcite 


receives enough solution to approach complete exhaustion of the calcite 


1iormal breakthrough curve btained In Figure 3, for example, 


each point on the radioisotoy moval line there is a breakthroug] 


thove and parallel to the ordinate represented by a straight line from this vie 


, t low rate as a variable \ displaced break 


Figure 2 illustrates thi 
through curve similar to that of an ion exchange material resulted (13 It 
is easily seen that had these breakthrough data resulted in a symmetrical 


curve, it would have represented a normal frequency distribution with C/C 
0.5 . He, n however, this curve was skewed, 
that the data pr! i log-probability rather than 
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ent PO,* removed should theoretically be the same for both concentrations 
\s the rate of production of these cation sites increases the proportion of 
cations extracted is unable to keep pace, as shown by the fact that the lines 
representing 0.005 M PO,* intersect at lower C/C, values than with the 
0.05 PO,*. The production of cation sites is so much greater at the latter 
concentration that the rate of diffusion of appropriate cations to these sites 
is not rapid enough to cause an increase in cation extraction commensurate 
with that of PO, 

rhus one may increase the per cent Sr, U, or Pm in the resulting apatite, 
all other things being equal, by decreasing the PO,* concentration and flow 
rate, or increasing the concentration of given cation present in the influent 
solution. In the latter case the C/C, remains the same unless the Ksp for 
the corresponding phosphate is exceeded. A high Ca to Sr, Pm, or U ratio 
tends to decrease the amount of U, Sr, or Pm appearing in the resulting 
apatite, more so in some combinations than in others. The presence of 1 ppm 
Ca**, for example, depresses the 60° C line for Sr** removal in Figure 4 to 
approximately that at 40° ( Any of these cations present in the original 
calcite would, of course, be retained in the resulting apatite 

It is obvious that much work remains to be done on primary cation sub- 
stitutions, not to mention anion substitutions, in apatites. For example, the 
author has altered phosphorites to fluorite with 0.01 M NaF solutions from 
pH 2 to 11 at room temperature. With alkaline to neutral solutions, calcite 
is directly altered to fluorite in the absence of PO, 


: 


lacement, 


i 
t - Sr, U, Pm, and Pu are 
likewise included during this rey 

However complex the system, the experimental and data treatment methods 


demonstrated in this paper are adequate to outline system parameters 


UMMARY 


flow rate, and Na* concentration on the inclusion of UY!, Pu'Y, Pm** and Sr*? 


A study is presented of the effect of temperature, PO,-* concentration, 


during replacement of calcite with apatite. The fraction of cations removed 
not proportional to the fraction of PO,* removed, i.e., increases in PO, 


removed do not necessarily cause proportional it 1 the increment of 


2 | 
cations removed. The substitution Na*-Pm** for 2Ca**, and of UO,** for 


’ 


2Ca**, is confirmed by implication. The method of investigation and data 


treatment are of general value for other studies 
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in diameter, and the size range is thus appreciably smaller than that of the 
quartz. 

Four electron micrographs of the quartz are shown in Fivure 2. A 
texture resembling that of novaculite is observed on the broken surfaces of 
vein quartz. Step-like fracture surfaces are commonly seen, and these 


may represent the rhombohedral cleavage of quartz (Fig. 2a). Approxi 


mately hexagonal outlines, suggesting euhedral quartz crystals, are more 
rarely observed (Fig. 2b In some samples, plates interpreted as clay 
inclusions, some with hexagonal outlines, intersect the rough surface of the 


quartz (Fig. 2c 


Fic. 2. Electron micrographs of carbon replicas of four microcrystalline 
quartz samples; arrow represents one micron. 2a. Broken surface showing ir 
regular and step-like fracture surface. Magnified 9,000 » 2b. Angular outlines 


of quartz crystals on natural fracture surface Magnified 16,000 » 2c. Plate 


of clay (?) intersecting fracture surface of quartz. Magnified 16,000. 2 


Fracture surface showing quartz crystals engulfed by opa Mag O00 
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The following experiments were made to evaluate the possible coloring 
effect of irradiation on several samples of “siliceous reef” vein quartz. Four 
specimens of vein quartz and two of opal were subjected to unfiltered copper 
X-radiation for exposure periods ranging between 4 and 38 hours. The 
treatment produced pale gray to dark gray coloration of the exposed portion 
The vein specimens were then broken in half across the circular exposed 
area, and one half of each heated for several hours. Specimens of smoky 
quartz, amethyst, citrine, and rose quartz were similarly heated. The dark 
irradiated spots on the vein quartz specimens disappeared on heating, but 
by comparison with the unheated fragments it was evident that the non 
irradiated portions of the heated specimens did not change color. The ame 
thyst specimen turned citrine, the smoky quartz colorless and the rose quartz 
and citrine somewhat paler in color 

It was concluded that irradiation of the vein quartz by the uranium series 
radioisotopes in the fine inclusions of uraninite is not an important factor in 
the dark gray and black coloration 

Color by Opaque Inclusions—Unfortunately, the hypothesis of pigmenta 
tion by opaque inclusions is not subject to testing by simple experiment. 
However, fairly conclusive evidence was found in the course of microscopic 


1 


studies of the vein material. Three-quarters of the black vein quartz samples 
examined contain an estimated five percent or more opaque inclusions, but 
somewhat less than half of the dark gray quartz samples contain more than 
five percent inclusions gressively smaller concentrations of inclusions 
were observed in the medium and light gray vein quartz (Table 3). Thin 
sections of vein material revealed the same trend, but quantitative estimates 
could not be made f the difficulty of correlating shade of gray in 
hand specimens with specific portions of corresponding thin sections, with 
the fine textures involved nder the electron microscope, vein quartz 
samples failed to show a “ ’ texture of opaque inclusions in quartz frag 
ments ranging from one th to two microns in diameter. The absence of 
such a texture suggests that few of the opaque inclusions are less than } micron 
in diameter 

Identification of the opaque inclusions in polished sections was found to be 
possible only at the large end of the size range. Irregular grains of pyrite, 
galena, sphalerite, tetrahedrite, uraninite, and argentite were identified, but 
the identifiable grains represent only a small fraction of the total. Estimates 
of relative abundance of the 1 s making up the inclusions were not 
possible 

Further evid pigmentatior of the opaque inclusions was 
provided b ni-quantitati pectrographic analyses, discussed in a later 
section. In most larket vein quartz, the higher the content of 
those elements commonly occurring in vein deposits in the form of opaque 
minerals; those present in the “siliceous reef” deposits are Ag, As, Co, Fe, 
Mo, Ni, Pb, Sb, VU, : lements that showed no apparent correlation 
with vein color 1, B, Be, Ca, Cr, Cs, Ga, Ge, Mg, Na, P, Sr, Ti, V, 


the latter group occur chiefly in non-opaque 
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Meschter (14) showed evidence of microscopic sulfide mineral grains in 
the W. Wilson quartz veins; he found a small amount of sulfur in analyses 
of the dark gray vein quartz, and suggested that it was in the form of minute 
sulfide grains, which could explain the dark color. It should be pointed out 
that the small size, as well as the concentration, of the opaque mineral in 
clusions is an important factor in the pigmentation. Several volume percent 
f opaque minerals in grains greatly larger than five microns probably would 
not appreciably darken thin pieces of milky or light gray quartz gangue, 


iltthough the transmissivity would of course be lowered. 


s of thin section in Figure 3b. 4a. Detail of a brec 

quartz contact; much of the opaque material is limonite 
ified 15 > tb. Same field with nicols crossed at 80 Note the 
derived from the wall rock, some showing replacement by 


rtz Mag hed 15 


Vein Ouart 


ing from preparation of thin sections wer« 


paragenesis, for correlation of micro 


" 


r preparation of autoradiographs. The 
ith clear laquer for observation under a 
\bout 130 specimens were studied in this 
lationships are illustrated by the specimet 
thin section are shown in Figure 3a, b 


f this specimen illustrate the massive, 





vein quartz 


ett ] in¢ Diack veiniet, 


ibout 60 


al contact betw 
a photomicrogt 
st of the inclu 
Some 
or represent su 


thickness of the sectio!r 


The black If 
the upper hal 


serve 


ip} 


ignification in Figure 4 


f another sample at about 400 


er right corners, 


hit gy passes into a cement 


iller fragments of the same quartz 
cemented by light gray 
upper left 
remnant tragments ol quartz 


fragment just below the 


n wl ich 


nineralization in the specimet 
bottom 


cementing the breccia in the 


g upward from the 


rectangle it the right ed 


pe 
Part ot tl e breccia 


bout 10 tin Relatively large 


fragments 
one of these (lower right 
The fine 
17 . lowe , . Oo : 
ipper edge ol le hgure 


shows partial 


quartz grain size of the 


gray 
Detail in the 


is shown in Figure 5 at a magnification of 


ibout the breccia 
picture 
{ irk vTAY 


vein quartz is shown it 


magnifica 


less than ten, and many less than five microt 


are actually cluster of small 


is scattered through the 


} 


30 micron 


x hibitec 
interpretatior 
few percent of 
v per t I 


opaque minerals, 


ineral grains are 


Cal h ( ther 





textural detail in a black microcrystalline 

quartz vei breccia texture and the abundance of opaque 
, 

inclusions 


Fic. 6 
and detail ot a contact I 


icrocrystalline quartz, 
juartz. Note 
1, 


+ < 380 


Ht 


Photomicrogra howing o isions In n 
ind d gt crocrystalline 


Plat e€ ig 


vetween light 


“ontact 


the difference 





eues 
[eaueuzoupin -sedns [ Sazeg3eup 


= 
| 
| 





ha 
eo-.- 
e . 
= 


Saal 

vi > - 

—$-—_- 

J 
-——_- 


Bae a 
occce 








vt 





660-00 © 
+ 


eel adseguy eeag | uo gPuyuseg *o 
EE — 








374 H. BIELER AN H. D. WRIGHT 


observed lhey naicate ( | tor I repeated cycle ol fr wtur 
and quartz depo ith 
In all of the “siliceous reef the deposition of massive light to mediun 


gray vein quartz accompanied and followed the silicification of the vein walls, 
, 
i 


although 


~ 


and persisted throughout most or all of the interval of vein filling 
r 


the amount diminished with time Dark gray vein quartz was introduced 


during or after the second period of fracturing (the third period in the W. 
Wilson deposit), forming a lamellar structure, inter-leaved with earlier mas 
sive light to medium gray quartz. The next period of fracturing was fol 
lowed by more local deposition of black, extremely fine-grained quartz, a 
companied by more abundant base metal sulfides and uraninite as microscopic 
inclusions. Small concentrations of uraninite, pyrite, and galena were de 
posited with the black quartz. This stage represented the final hydrothermal 
activity 

Subsequent fracturing and brecciation provided the loci for deposition of 


secondary uranium minerals, aragonite, iron oxides, and hyalite opal by 


circulating groundwater Although the evidence is not conclusive, the ochre 
colored opal found in the three “siliceous reefs” is also believed to have had 
a supergene origin. The color suggests inclusions of hydrous iron oxides, 


which are abundant in the zone of oxidation above the water table, and all 
observed veinlets of ochre-colored opal transect the quartz veins. However 
this opal was not associated with hyalite opal or any other conclusively se 
ondary minerals 


Coarse Sulfides——Specimens containing more concentrated and coarse 
grained sulfides and uraninite than found in the normal siliceous vein mate 


rial were obtained from a few scattered locations in the “siliceous reefs.” 


Che close association with black vein quartz appears to date them with the 


sulfide and uraninite inclusions of the latest period of quartz deposition, and 


the textural relationships of the coarse sulfides provided indirect evidence 
the sulfide paragenesis in this quartz stage Che pyrite in these sampl 
preceded all other sulfide minerals \fter local brecciation, uraninite, galena, 


} 


and tetr ihedrite were cle p ited conten poraneously, accompanied and follow eC 


by S] halerite 


Rad tiz and Textur 
TI ki tot and.) odistributior f 1; itv in the , 1 ] \A 
e location and rt ition < radioactivity in the vein samples was 
studied on a macroscopic scale with the aid of beta gamma autoradiograpl s 


and on a microscopic scale by the use of alpha autoradiographs. The 


“slabs” used in the vein texture studies were exposed for periods of 8, 16 
32, and 64 days depending upon the activity in the specimer Photographs 
of the vein “slabs” and their autoradiographs were enlarged five times and 
compared with a magnifying stereoscope. About 120 samples were studied 
ind the results are tabulated in the appendix 

In the least ra ictive gr ples about one-third « Il the nite 
bearing veinlets a gouge areas have relative strong radioactivity \y 
pro ite one-tentl f the tere eldaspar grains an¢ iny the | 
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National Bureau of Standards. The count rate from each standard was con 
verted to that expected from the same uranium series content in quartz using 
absorption coefficients calculated from the Bragg-Kleeman rule (15). The 
instrumentation used was that described by Kulp et al. (13). Total counts 
were selected to give a standard counting precision of 2 to 5 percent (de 
pending on sample activity) with one standard deviation. 

Fluorimetric determinations were made on five milligram samples using 
a procedure modified from Grimaldi et al. (8, p. 6-7). The precision of the 
method was estimated to be about 5 to 10 percent for samples with more than 
0.01% U and 10 to 20 percent for samples with less uranium. Determina- 
tions by the two methods differ by more than a factor of two for only seven 
of the 61 samples. To evaluate the degree of correlation between results of 
the two methods a scatter diagram was plotted on a log scale (Fig. 8). Two 
regression equations were calculated, each passing through the point a, f (a 

- 2.043, f = — 2.035). The equation of “f” as a function of “a” has the 
values a = 0.1449, b = 1.0670, (solid line, Fig. 8) that of “a” as a function 
of “f”,a 0.2063, b = 0.9026 (thin dashed line, fig. 8). The correlation 
coefficient “r’’ is 0.98, indicating that the probability of the two variables being 
independent is only one chance in more than 10,000. A “t” test for the values 
“a” and “b” in the equation f = a + b (a = 0.1449, b = 1.0670) shows that 
“a” differs significantly from zero and “b” differs significantly from 1.0 
(values for the equation a = f) 

These tests show that the alpha count and fluorimetric uranium determina- 
tions are in good agreement considering the low concentration level and the 
possibility of disequilibrium in a few samples. However, there is a consistent 
bias in one or both techniques: the alpha determinations are generally higher 
than the fluorimetric for low (< 0.01%) uranium content, but are generally 
lower than the fluorimetric for higher (> 0.01%) uranium content. The 
scatter of points appears to be greater for low uranium content than for high, 
reflecting the lower precision of both methods in this range. These results 
show that the samples analyzed could not be greatly out of radioactive equilib 
rium, and provide indirect evidence that the uranium in the samples is pre 
dominantly in the primary form rather than in secondary minerals due to 
redistribution by groundwater activity 

Of the two vein quartz samples submitted to the New Brunswick Lab 
oratory, AEC, one was reported te contain 0.13% U and 4.3 x 10° g 
Ra/g. sample. Calculation from the decay constants for U*** and Ra®™ 
shows that 4.4 » © g. Ra/g. sample should be present with 0.13% U at 
equilibrium. The other sample contained 0.26% U, and 9.0 x 10°° g. Ra/g 
sample, as compared with the calculated equilibrium value of 8.8 « 10°°° g 
Ra/g. rock. The analyses indicate that the distribution of uranium series 
elements in fine particles of uraninite, tightly locked in a quartz matrix, has 
not been greatly disturbed They also support the rather crude visual evi- 
dence that recently deposited uranium in secondary minerals and in limonite 
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in the gray fine-grained vein quartz is minor. 
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vein color The samples represent light gray, medium gray, dark gray and 
black vein quartz from the W. Wilson, G. Washington, and Free Enterpris« 
mines The 


f elements with vein quartz color is shown in 
groups: (1 those in which there is an 


increasing element content and 2) those with weak or no 
apparent correlation In the first group are those elements generally oc 
curring in opaque vein minerals; they are Ag, As, Ba, Co, Cu, Fe, Mn, Mo, 
Ni. Pb. Sb. Sn, 1 | second group are Al, 


(by alpha count), and Z1 In the 
and Zr. As is to be 


( orrelation ot 


two 
ipparent positive relationship between 
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§. Be, Ca, . Cs, Ga, Ge, Mg, Na, P, Sr, Ti, V, 
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velopment of secondary minerals may be correlated with increases in silicz 


i 
and ferric iron, decreases in alumina, total iron, ferrous iron, lime, soda, and 
j 


magnesia, and little change in potash, titania, phosphorus, carbon dioxide, an 
sulfur. Recent data showing extensive stability fields for muscovite, kaolin- 
ite and montmorillonite indicate that specific inferences of temperatures pre 
vailing during this alteration are not justified. However, the discontinuous 
nature of the sericite zone adjacent to the vein suggests that the prevailing 
temperatures may have ranged just above and below a minimum, perhaps 
less than 200° C, required for formation of muscovite 

The microcrystalline quartz vein filling varies in color from light gray to 
black. The color is due to the pigmentation effect of the numerous small 
opaque inclusions and varies with their size and concentration. The bulk of 
the vein quartz is of light to medium gray color. Dark gray or black vein 
quartz of a later stage and relatively rich in sulfides and uraninite, fills frac 
tures in the lighter colored veins 

The gangue minerals include, besides quartz, minor amounts of opal and 
barite. X-ray powder patterns of several opal samples showed the chief 
constituent to be tridymite, with lesser amounts of low and high cristobalite 
probable. The opaque minerals in decreasing order of abundance are pyrite, 
sphalerite, galena, uraninite, tetrahedrite, argentite, chalcopyrite, and covel 
lite. Four uraninite samples revealed a unit cell dimension varying from 5.39 
to 5 16 A 

The amount of uranium in vein samples was determined by alpha scintilla 
tion counting and by fluorimetry (,ood agreement was found between de 
terminations by the two methods, consistent with the existence of radioactive 
equilibrium in the vein quartz as determined for two samples by the radium 
method. Semi-quantitative spectrographic analyses for 28 minor and trace 
le on 83 vein samples. Tests of correlation showed a strong 
tendency for association of uranium with Fe, Pb, Mo. As. and Co. and a less 


elements were mat 


pronounced association of uraniun with Ni, Cu, and Ba Study of the trace 
element distribution relative to vein color showed that the darker colors of 
vein quartz commonly contain a higher concentration of those elements o« 


curring in the opaque vein minerals 
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\lthough the Hercynian granites probably vary somewhat in age, it would 
seem that most of them date around 280—310 m.y., values which are in keep 
ing with their stratigraphical position if one assumes a short extension of 
the Holmes B tin ale (4 [he dated uraninite-bearing pegmatites of 
Sierra de Albarrafia are essentially coeval with this main phase of granite 
formation ; tl is excellent agreement with a full isotopic assay of pitch 
blende from t vor tin lode recently reported by Darnley (3); and there 

lead from Jachymov pitchblende reported by 
writer’s calculations, gives about the 
in this last determination arises from 
ts When, however, we look at the 
pitchblendes of the polymetallic silver 
iIsendorf, it is seen that these appear 
ibout 100 m.y An important question 


ing 
ip? i 


whether this apparent relationship 


vy late-Permian lodes are really 


f pitchblende within fissures that were 
ith the intrusions The contemporary date 
E—-W vein, and the presence within the 


N-S Jachymov ore-bodies of a pitchblende coeval with the granites, together 


suggest strong] n has occurred in late Permian or early 
Triassic times topt amination of the galena-lead in the veins 
should be of 1 in this connexion, for an abnormally high radiogenx 
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The pattern of mineralization in these Hercynian lodes recalls the pattern 
found in the work of Collins and others (2) on the pitchblende veins of 


\thabaska 


1 


where the apparent age of ore deposition has been found to vary 


widely 


within the limits 850 


thermal veins by reworking 


to 


of the mit 


1,850 m.y 


Evidently rejuvenation of hydro 





eralization is a commoner phenomenon 








in ore deposits than is generally realized 
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known within the mineralized area, but a quartz monzonite stock half a mile 
west of the district is considered part of the source of the mineralizing fluids 
rhe sediments form a homocline striking northwest and dipping about 40 


northeast; superimposed on this homocline are irregularly-spaced, shallow 


rolls that are important in localizing some of the orebodies. Other orebodies 


are localized by the intersections of faults with the favorable beds, but most 
faults are barren 

Orebodies are found almost exclusively in a single fifty-foot thickness of 
originally sandy and shaly limestone beds, altered before the introduction of 
ore to garnetite and hornfels, at the top of the middle member of the Abrigo 
formation. The orebodies are tabular to pipe-like masses with their two 
longest dimensions in the plane of the bedding, associated with similarly- 
shaped but larger bodies of garnetite in the same and the immediately under 
lying beds. The overlying upper Abrigo, originally impure dolomite, is 
altered uniformly to orthoclase-diopside tactite throughout the district. Two 
major clusters of orebodies are known in the district, one opened in the Re- 
public Mine (1, Fig. 4) and the other in the Moore Mine. In each of these 
clusters nearly all of the orebodies, though differentiated for mining pur 
poses, actually form a single continuous body except for fault offsets. This 
continuity of ore pipes along the favorable beds suggests that the pipes rep- 
resent channels along which the mineralizing solutions flowed, rather than 
the intersections of cross-cutting channels with the favorable beds, and that 
therefore minor changes in the paragenesis, such as the original study indi- 
cated, could be expected along the length of these channelways and ore pipes 

The only valuable ore minerals at Johnson Camp are sphalerite and chalco 
pyrite; the ore averages about 6 percent Zn and 2 percent Cu. Pyrite is 
ubiquitous but seldom abundant. In parts of some orebodies bornite is 
found, but not in quantities to contain more than one-fourth of the total copper 
present; traces of bismuth minerals (discovered by Kanji Shiobara, personal 
communication ) are commonly associated with bornite. Rare grains of mag 
netite and scheelite are found everywhere in the ore. The principal gangue 


le and 


minerals are grossularite, diopsi« quartz, remnants of the earlier-formed 
garnetite host rock, and unreplaced bands of hornfelsed shale. Chalcopyrite 
and sphalerite have been observed veining all other minerals except bornite 
and bismuth minerals, with which they have mutual boundaries, so they are 
the youngest of the major minerals 

The ore is strongly banded, the sulfides being concentrated in bands a 
few inches wide separated by bands of nearly barren garnetite; the overall 
grade of the ore depends on the thickness and spacing of the sulfide bands 
Within the sulfide bands much of the chalcopyrite occurs as nearly pure bands 
and lenses, but the sphalerite is almost invariably intergrown with at least a 
small percentage of chalcopyrite. In the intergrown areas, grain sizes are 
seldom greater than 5 mm in diameter. Contacts between the two minerals 
are always of the mutual boundary type, and it is impossible to assign any 
sequence of formation to them. Rare instances of microscopic veinlets of 


chalcopyrite traversing sphalerite and of sphalerite traversing chalcopyrite 
have been observed, demonstrating that each mineral was locally later than 


the other. These occurrences are so rare and unlike the normal relations that 








they can have no significance as to the relative ages of the bulk of the chalco 
pyrite and sphalerite 

More detailed information on the geology, ore occurrences and metamor 
phism is given in the papers by Baker and Cooper (1, 3, 4 


CHARACTERISTICS OF BLEBS 


In a study of the relations of sphalerite to other sulfides, Teas (8) found 
chalcopyrite blebs in sphalerite of ores of all types from pyrometasomatic to 
epithermal, but not in “meteoric deposits” ( Joplin, Mo., Southwest Wisconsin, 
etc He noted numerous blebs in pyrometasomatic and intermediate-vein 
zone deposits, fairly numerous blebs in deep-vein zone deposits, and small 
and few blebs in shallow-vein zone deposits (8, Table 2, p. 77). Many 
other writers make brief mention of the presence of chalcopyrite blebs in 
sphalerite in individual districts, but none give any details on their distribu 
tion. Teas also noted (8, p. 71) that the presence of pyrrhotite seemed to be 
unfavorable for the development of blebs. In the present study is was found 
that the presence of bornite was unfavorable 

The blebs are ordinarily subangular, equidimensional to oblong in cross 
section, ranging in size from the minimum discernable under the microscope 
to 0.1 mm in diameter. Commonly they are aligned along crystal directions 
of the sphalerite, and in such cases they may coalesce to form knobby string 
ers or, in extreme cases, fairly smoothwalled stringers. Bleb chalcopyrite in 
the Johnson Camp ores makes up a maximum of 8 percent of the volume of the 
sphalerite 

The distribution of blebs within individual sphalerite grains follows a single 
general pattern with minor variations. In most instances, three zones cat 
be distinguished: a barren rim, a zone of abundant blebs increasing in size 
inward, and a central core he barren rim, in which no blebs at all occur, 
is about 0.03 mm wide, in all cases present along contacts with chalcopyrite 


mtacts with other sphalerite grains and 


masses, commonly present along 
in places present along contacts with gangue minerals. The zone of abundant 
blebs begins with blebs of barely-distinguishable size at the inner edge of the 
barren rim, and through a width of about 0.1 mm the blebs increase to the 
maximum size found in the grain. In most cases the core is occupied by 
large blebs of uniform size, in places with distinctly smaller-sized blebs o« 
cupying the intervening spaces, but in other places the increase in bleb size 
continues to the center of the grain, which is occupied by a few relatively 
tremendous blebs. In a few specimens at Johnson Camp the cores of sphaler 
ite grains are barren, containing no blebs at all; judging by the literature, 
barren cores are the rule in some districts. The maximum and modal bleb 
sizes and the pattern of distribution are about the same in all the sphalerite 


grains in any given specimet 


METHOD OF STUDY 


Since the stratigraphic control of ore is so rigid on a major scale, it was 


t 
suspected that stratigraphy might also have some influence on the small scale 


of the bleb patterns, so tw separate suites « f specimens were collected (ne 
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suite was intended for stud 


areal distribution of bleb patterns, and was 


collected from various parts of the Moore orebodies and surrounding min 
eralization, but in every case from as close as possible to the hanging wall 


Since the hanging wall varies by as much as twenty feet stratigraphically, 


this meant a twenty foot range in the stratigraphic location of the specimens 
The locations of the specimens for this study are shown in horizontal pro 
jection in Figures la, lb and Ic. The second suite was intended for study 
of possible stratigraphic or cross sectional variations in patterns, 
collected along a well-exposed cre 


and was 


ss section through the Moore “A” Ore 


body ; the location of the section is shown on the horizontal projections and 


the locations of the specimens on the section are shown in Figures 2a, 2b, 2 
and 2d. One hundred twenty-one specimens were included in the areal study 


(24 specimens from outlying mineralization are not shown on Figure 1) and 


63 specimens in the cross-sectional study \n additional 39 specimens that 


did not belong to either of these groups, and half a dozen thin sections from 


various locations, were also studied 


To provide as much objectivity as possible 


the specimens were assigned random numbers 
the polished sections were studied without 





in what was inherently a 


highly subjective study, al 


knowledge of their locations 


Dimensions were measured with a grid eyepiece, so maximum bleb sizes giver 
are accurate. Modal bleb sizes, however, were determined by choosing a 
few blebs that were estimated to be representative of the 


modal size and 
measuring these, so there was room for error in estimating this feature 


Abundances also were estimated, not measured \s a check, about 20 percent 


of the polished specimens were fed back into the circuit and restudied; in 


most instances the estimates and measurements on both 


runs were similar 
enough so that they fell into the same classification 
£ 


For each specimen the following data were noted: (1) maximum bleb 
) 


size; (2) modal bleb size; (3) relative abundance of blebs: (4 


grain sizes 
of sphalerite, relative proportions of sphalerite and chalcopyrite, and boundary 


relations between the two n inerals : (S) any other items of 1 terest, su h as 
presence of barren cores, presence of other 


sulfides, the rare cases of late 
sulfide veinlets, et For some specimens blebs were counted and measured 
for an estimate of the total volume of chalcopyrite present in the sphalerite 


RESULTS OF THE STUDY 


The results of the areal study are summarized in Figures la, 1b and 1 


There is a moderately strong correlation between bleb size and abundance 
of blebs, but there is no overall pattern ascribable to variations caused by 
position along the mineralizing solution channel In fact, the variations that 


do appear correlate quite closely with changes in the stratigraphi position 


of the hanging wall: areas that have the same bed at the hanging wall have 
similar bleb sizes and abundances, and areas with the hanging wall a few feet 
higher or lower have different sizes and abundances 

Figures 2a, 2b and 2c, summarizing the results of the cross sectional 
study, indicate the reason for the variations found in the areal study: the 
size and abundance of blebs is strongly influenced by stratigraphy. The least 


subjective feature, maximum bleb size, shows the stratigraphic control most 
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strongly, beds less than 10 feet thick having blebs of the same size range all 
across the section. The stratigraphic control is less distinct but still clear 
in the distribution of the more subjective features, modal bleb size and abun- 
dance of blebs. Thus, the project was a failure so far as its economic purposes 
were concerned; it is still possible that by restricting one’s sampling to a 
single bed, preferably no more than a couple of feet thick, significant varia- 
tions in bleb distribution might be found, but at Johnson Camp alteration is 
too intense to permit following such a restricted bed over any useful distance 
\ similar study in an orebody in a homogeneous host rock might be more 
successful. 

Figure 2d demonstrates the relations between bornite and blebs: all of 
the specimens in which no blebs were found lie in a part of the orebody in 
which bornite is found, and most of them lie in specific beds containing bornite 
whether or not it occurs in the same specimen. Although it could not be 
shown on the cross section, even those bornite-containing specimens that do 
have blebs have very very few, almost none. 

A particular search was made during the work for evidence that would 
throw light on the age and origin of the blebs; in particular, veinlets of hypo 
gene minerals traversing sphalerite were hoped for. Half a dozen such vein- 
lets, all of chalcopyrite, were found, but in most of them the relations to the 
blebs were obscure. In view of the possibility of supergene chalcopyrite, it 
should be mentioned that the Moore orebodies are blind orebodies 400 to 
600 feet below the surface; the ore shows no sign of oxidation except in a 
few strong shears, where it is completely oxidized. 

Photomicrographs of the two most informative veinlet occurrences are 
shown in Figures 3a, 3b and 3c. The blebs are zoned around the larger 
veinlet in Figures 3a and 3b just as they are zoned around other chalcopyrite 
masses, so this vein must be either older than or contemporaneous with the 
blebs. The enlarged ends of the vein segments suggest that the veinlet was 
formed by draining exsolved chalcopyrite from the surrounding sphalerite 
the continuous part of the vein could drain only the sphalerite to the sides, 
but the ends drained the sphalerite ahead of them as well, thus acquiring more 
chalcopyrite. The sphalerite in this specimen contains not only the large 
blebs, but also a multitude of tiny blebs barely visible in the photomicrograph 
that are found all through the sphalerite but are particularly numerous close 
to the veinlet. 

Parallel to the larger veinlet is a much smaller one that cuts through at 
least the larger-sized blebs, indicating a younger age for this veinlet. Figure 
3c shows a group of veinlets of distinctly younger age than the blebs they 
traverse. The matching walls of these latter veinlets indicate that they are 
fissure fillings rather than replacements. 

The zoning of the blebs with respect to the larger veinlet of Figure 3a 
demonstrates that the blebs are younger than the host sphalerite, since the 
sphalerite must have been present before the veinlet was formed, and the 
veinlet before the blebs. Thus, the blebs cannot be unreplaced remnants of 
pre-existing chalcopyrite. The cross-cutting relations of the other veinlets, 
however, demonstrate that the blebs are older than at least the latest chalco 


pyrite deposition 





> | 


3a. Exsolution veinlet of chalcopyrite with characteristic rim pattern in sur 


Ciel 
rounding blebs. X35. 3b. Upper left half of la. Note small post-bleb chalco 
pyrite veinlet above exsolution veinlet (arrow), and numerous barely-visible blebs 


in vicinity of exsolution veinlet < 70. 3c. Post-bleb chalcopyrite veinlets “< 35. 
(sray 1s sphalerite white is chalcopyrite 
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at temperatures below which chalcopyrite could dissolve in sphalerite, and 
might be used as a criterion to distinguish such deposits, as Teas (8, p. 82) 
pointed out 

The Johnson Camp evidence supports the theory of exsolution origin of 
the blebs. Since an excellent discussion of the theory already exists (5, p. 
81-114, esp +-102), no general consideration of it is needed here. How- 
ever, the study indicates some specific points that are worthy of 
mentor 

One of these points is the distribution of blebs, both within the orebody 
in general and within specific sphalerite grains as well. The differences in 
the amount of bleb chalcopyrite (as shown by the bleb abundance and size 
in different beds is probably attributable to differences in the amount of chalco 
pyrite available at the time of sphalerite formation. Unfortunately no assay 
information is available for the sampled cross section, but it was noted that 
in general the sphalerite with few blebs was found in specimens in which there 
was little chalcopyrite, while specimens with much chalcopyrite had abundant 
blebs. Since the proportion of chalcopyrite to sphalerite varies considerably 
from bed to bed, with some beds containing much of one and almost none of 
the other, this probably accounts for the stratigraphic control of bleb abun 
dance and siz Published accounts indicate that in districts where chalco 
pyrite is abundant, blebs are abundant also, and vice versa, as for example 
at Magdalena, New Mexico, where both are rare (6, p. 95 It follows from 
this reasoning that the raw materials for chalcopyrite were present when the 
sphalerite was being formed, to be dissolved in it, and therefore that the 
non-bleb chalcopyrite present was probably deposited either before sphalerite 
or simultaneously with it 

Edwards explains the zonal distribution of the blebs within individual 
phalerite grains as the result of progressive exsolution—initial exsolution into 
partial solid solutions, which segregate by solid diffusion and then continue 
to exsolve further with continued cooling and concludes that the barren 
rims result from “draining” of exsolved chalcopyrite to adjacent non-bleb 
masses of chalcopyrite (5, p. 99 and 88). Certainly, it is difficult to explain 
such rare occurrences as the larger veinlet illustrated in Figures 3a and 3b 
ly d 


by any greatly different mechanisn The less common presence of barren 


rims along contacts with minerals other than chalcopyrite shows that the 
draining is not a mi of adjacent chalcopyrite “drawing” out the exsolved 
chalcopyrite, but r: me of the sphalerite itself “forcing” it out. In at 
least some cases 1 l-out chalcopyrite does not redeposit at the edges 
of the spl alerite g ns, but migrates elsewhere Good illustrations of this 


) 


are Lasky and Lougl "s 27B and 27D (5), which show several 


sphalerite grains with barren rims but no non-bleb chalcopyrite at all in the 


field. The removal of the exsolved chalcopyrite in such cases leaves a void 


that must be filled with components drawn from whatever mineralizing solu 


tions are still circulating. In some cases this will be sphalerite, and indis 
tinguishable from the older sphalerite, but in other cases, where new sphalerite 
components are not available, other minerals must do. For this, the sphaler 


ite grain shrinks and a bor f other mineral is formed; Lasky and 
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Loughlin’s Plate 27B shows such grains with borders of “either smithsonite 
wr siderite.” Since bleb formation happens rapidly, according to the laboratory 


evidence, and chalcopyrite once incorporated into a bleb has but little tendency 


to migrate out of the sphalerite grain (as witness the fact that the blebs are 


still present despite long slow cooling) the forcing out of exsolved 


pyrite must be restricted to the borders of the sphalerite grains 


interior, chalcopyrite is forced only into scattered areas—the blk 


of the zoning ot the blebs, particularly the barren cores, may he 


a deficiency of copper at the time the barren areas were originally for 


The purplish coloration of the rims seen in thin sections may be 


by very numerous submicroscopic chalcopyrite blebs formed by the ¢ 
of material that was in transit toward the grain boundaries when the 


perature finally fell too low to permit it to remain in solution. Since 

material was in the process of migrating when the fatal moment arrived, 
it did not have time llect into visible blebs, but instead formed a multi 
tude of blebs each consisting of pe rhaps only a few molecules of chalcopyrite 
The absence of color from the center of the grains indicates that here all of 
’ 


the exsolved chalcopyrite reached a bleb before migration was stoppe 


1 


ubiquity of the color pattern suggests that forcing out of chalcopyrite was 


two-stage operation, the first stage consisting of collecting the material into 


blebs, with some simultaneous forcing out, and the second stage consisting 


of removal of chalcopyrite from the blebs and shunting it to the edges of the 


grain. This mechanism accounts for the characteristic bleb pattern: th 


rims are barren because blebs at first formed in them were comp 


dissolved and 


letely re 
their materials forced out; the zone of increasing bleb size is 
the zone in which the red ilving process was arrested before completion; 
and the typical core of uniform-sized blebs is the area in which redissolution 
] 


has not been active 


The presence of post-bleb chalcopyrite veinlets demonstrates that the 
exsolution took place while mineralizing solutions were still active, though 
perhaps weakly, and thus vides a geologic thermometer 
temperature near but befe t end of mineralizatior 
(2, p. 530) indicates a temperature of 350° C to 400° ¢ 
ization, but this is subject to variations caused by 
presence in some specimens of barely-visible minute 
tion is not related to the normal pattern ), similar to tl 


by reheating chalcopyrite-sphalerite intergrowths, sugges 
Camp ores were locally subj d to late ter porary incre 
perhaps related to the introduction of the post-bleb 
second generation blebs a the sphalerite 


3a and 3b, which al 


1) Variations in 


in bedded deposits, 
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(2 The blebs result from exsolution of chalcopyrite-sphalerite solid 
solutions. as other investigators | ive also concluded 
(3 Che abundance of bleb cl ilcopyrite is roug! ly proportional to the 


umount of chalcopyrite in the immediate area or bed, which perhaps means 
that non-bleb chalcopyrite was deposited either before or simultaneously wit! 
sphalerite 

(4) Most of the characteristic pattern assumed by the blebs within 1 
dividual sphalerite grains results from the tendency of the sphalerite to force 
out exsolved chalcopyrite near the edges of grains, and within the grains to 
force it into numerous small areas—the blebs. The sphalerite grains cor 
tract enough to fill the voids left by forced-out chalcopyrite ; if the chalcopyrite 
redeposits at the edge of the grain, that is the end of the matter, but if the 
chalcopyrite moves elsewhere, new material from the mineralizing solutions 
fills the shrinkage cracks. Barren cores do not originate by this mechanism, 
but simply from lack of copper at the time the barren areas of sphalerite were 
tormed 

(5) Much of the forcing out of chalcopyrite takes place by resolution of 
chalcopyrite from blebs near grain boundaries, and this resolution produces 
the characteristic bleb pattert Material in transit when solid solution finally 
hecomes impossible is probably exsolved into submicroscopic blebs to produce 
the characteristic purplish color of sphalerite rims seen in thin sections 

(6) Exsolution takes place late in the period of mineralization but while 


mineralizing solutions are still circulating, so the blebs can be used as a geo 


| 


logic thermometer to establish the temperature of late stages of mineralization 


Published experimental data indicate a temperature of 350° C to 400° (¢ 


Temporary local late increases in temperature are recorded by a second 
generation of very tiny blebs 
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COMMERCIAL CHRYSOTILE DEPOSITS, BAIE VERTE, NOTRE 
DAME BAY DISTRICT, NEWFOUNDLAND 
PRELIMINARY NOTES 


W. JAMES BICHAN 


The Baie Verte bodies occupy a tabular zone of fiber development, having 
an almost horizontal disposition, and in one diagnostic section exhibiting 
a pronounced plunge of 35° to the north-northeast. The fiber-bearing de 
posits are discontinuous portions of those parts of the ultrabasic mass within 


le may appear, or within which both may be 
coextensive. The conditions that have prescribed the appearance of one, or 


which either picrolite or chrysoti 


the other, or of both, are not clear. There may be a distinct age relationshiy 
Picrolite is confined to the margins of the ultrabasic body, close to confining 
faults Che ore bodies and the picrolite-bearing zones either do not outcrop, 
or show only a few square feet (less than a thousand) clear of soil and over 
burden 


The host-rock has been a pyroxene-rich peridotite (more than 50 percent 


nacreous enstatite As a result of regional studies it has been suggested 
that the intrusive is part of an island-wide sill, or a series of sills. Some 


evidence within the general area points to the metamorphism of a sheet, or 


several sheets of submarine ultrabasic lavas. This is an absorbing geologic 


th 
problem whose elucidation is far from advanced 
The mass of serpentinite, within which the main mineral bodies exist, 
had been at one time deeply buried (during the formation of the chrysotile ) 


It was subsequently raised by faulting as a horst block, or series of blocks 


separated by step-faulting, to the same crustal levels as the less highly altered 
sediments and lavas adjacent The capping over the asbestos bodies, of 
pyroxene-rich peridotite, stands up as rugged outcropping bluffs at a slightly 
higher elevation than most of the surrounding terrain. Other and similar 
horst structures are known within the Burlington Peninsula and elsewhere 
across Newfoundland 

The ultrabasic rocks have been tightly folded and partake of the regional 
plunge of the sedimentary structures, i.e., to the north-northeast at an angle 
of less than 45 degrees. The unfaulted ultrabasic contacts, as well as the 
fiber-bearing zones, parallel this regional plur ge Where affected by fault 
ing, as at the margins of this and other horst blocks, the dip of the contact, 


and of the fiber-bearing zones is steeper than 45 degrees (in a direction aw 


Ay 
from and normal to the cont 


499 








400 SCIENTIFIC COMMUNICATIONS 


The faulted margins of the horst blocks, and any fiber-bearing or picrolite- 
bearing zones in their vicinity and near surface form marked erosional lows 
in the topography. Glaciation has been effective in dropping a drift debris 
of boulders, sand, gravel and interspersed clay in these depressions, to the 
obscuration of the ore and of the intimate structural details of the contacts. 

Preliminary studies of the peridotite petrofabric have revealed a preferred 
orientation of the pyroxene (enstatite) relicts. The original enstatite crystals 
have been corroded and resorbed during the ultrametamorphic processes that 
have changed the mass of the peridotite into serpentinite. During or before 
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PRE LIMINARY NTERPRE TATION 
ADVOCATE MINES LIMITED 


BAIE VERTE NEWFOUNDLANC 


Fic. 1. Generalized cross-section of the ore zone, Advocate Mines Limited 
(Derived December 1956 by W. James Bichan, resident geologist former Falcon 
bridge concession: 1956—59.) 











this process the relict pyroxenes (skeletal crystals of enstatite) have become 
oriented sympathetically with one another through intra-crustal pressure 
The result is that their tabular habit is normal to the pressure that induced 
this orientation grouping 

Analysis of the attitudes and directions of the components of the joint- 
fracturing pattern shows that this bears a definite relationship to the orienta- 
tion direction of the relict pyroxenes. This is consistent with their origina- 
tion as a complementary set of shear joints, two or more sets of tension joints 
oriented at right angles to the planar alignment of the relict enstatite, and 
paralleling the opposing directions of the confining pressures 
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\ study of the proportional distribution of the tension joints by their 

attitudes in relation to a horizontal datum plane has not been completed 

There is variability as between the different sections of the intrusive (or ex 

trusive) ultrabasic bodies, influenced either by the contact relationships or 
the local directions of easiest release of pressure 

A simple linear relationshi 


ip has been determined empirically between the 
percentage of fiber and the number of directions of veining present in any 
given five-foot section of ore The statistics for this study were taken from 
the records of visual estimation of the fiber content of the drill cores 


The foregoing notes are presented pending an exhaustive study of the 


orebodies of Advocate Mines Limited. These contain an aggregate estimated 
worth in chrysotile exceedit ya quarter of a billion dollars, within the 


than 30 million tons of open-pit ore that have been delineated by drilling 


more 


MINERAL Associates LIMIT! 
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SUPPLEMENT TO VADEMECUM OF THE RUSSIAN 
GEOLOGICAL PERIODICALS 


EUGENE A. ALEXANDROV 


Narn f the periodica hiect ‘ 
GEOLOGIYA RUDNYKH MES he principal subject cover by the : 
TOROZHDENIY (Geolog f gene Secondarily, it erne th de 
Ore Deposit Published by the n of ! lua Russia Y ley ts and their 
ademy of Science of th SSR relatic te etalloger " ce Mineralogy 
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\t the present time, the American Geological Institute has started trans 


lating the earth sciences division of the Doklady Akademii Nauk SSSR and 
Izvestiva Akademii Nauk, geological series. Geologiya Nefti i Gaza is tras 
lated by the Review of Russian Geology. With Geokhimiy 


four Russian geological jor 


va, there are now 
irnals translated cover to cover in United States 


The journal Razvedka Nedr is translated entirely in France 
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DISCUSSIONS 


THE WHITE PINE COPPER DEPOSIT 


Si Reno Sales (3) has offered a remarkably perceptive discussion of 


the paper by Wright and myself (6) on the White Pine copper deposit. Ira 


B. Joralemon has added a brief postscript (2) more or less endorsing Sales’ 


views and calling attention to additional data. My reply can hardly be 


expected to prove the origin of the deposit, but perhaps it will show how many 


problems one must overlook or oversimplify to be satisfied with the con 


| 


clusion that the deposit was formed in one episode by hydrothermal solutions 
| | 


of magmatic origin emanating from the White Pine fault 

Che main thesis of our original paper was that the distribution of shale 
ore shows virtually complete independence of the structure and is related in 
almost all its aspects to the lithology ind paleogeography of the host beds 
From this we concluded (6, p. 713) that “at least three general theories of 
origin satisfy these conditions: (1) the copper was dropped into or precipi 
tated within the original mud; (2) the copper, diffusing downward into the 
uppermost tew inches of n uc, replaced some primary constituent of the mud, 


perhaps iron sulfide or calcium carbonate; (3) the copper was introduced 


into the rocks after lithification and presumably deformation, and the loci 
of deposition were controlled to an extraordinary degree by the physical or 


chemical character of the host rocks.” At least one additional possibility, ir 


some respects more satisfactory than any of the others, should have been added 


to the list: (4) the copper was introduced into the shales from below after 


they were buried but before they were deformed or compacted to anything 
da “diagenetic” or “cementation” 


hypothesis Cr the basis of sore relationships described below tl it have 


like their present degree ; this might be calle 


become apparent since our paper was written, I would favor this fourth hy 
pothesis over the other three if it were essential to choose among them at this 
time 

The version of the third hypothesis that Sales espouses necessarily denies 
the existence of a significant « pper concentration at the site of the present ore 
body before the deformation and faulting of the area, and in this respect differs 
fundamentally from the other three hypotheses. The heart of the argument, 
therefore, lies in this point. Sales takes issue with the arguments for a pre 
tectonic copper concentration as follows: (a) all of our plan maps show “a 


1 


close relationship areally between the | White Pine] fault fissure and the ore 


distribution ;” (b) the existence of copper in fissures and the pattern of dis 
tribution of copper in sandstone show, as we pointed out in our original article, 


that at least some of the copper was en pl iced after the faulting, and a hypothe 
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sis involving two “perio f mineralization” is “wholly untenable ;” (c) the 
ipparent control of ore deposition by sedimentary facies and particularly the 
lack of control by structure and permeability, which are fundamental argu 


ents for a pretectonic copper concentration in the shale, can, in his opinion, 
be explained away by a mechanism involving diffusion from sandstone beds 
ind precipitation by carbonaceous material I will discuss these three points 
in this order 
1) Our article presented maps showing the distribution of copper in 
four different shale beds (6, Figs. 9, 10) and two sandstone beds (6, Fig. 11 
of the cupriferous zone We showed that the pattern of ore distribution in 
the sandstone is patel y, as would be expecte d of ore introduced after deforma 


tion, and 


pointed out that the major concentration of sandstone copper in both 
heds is restricted to one flank of the White Pine anticline, between the crest 


ind the White Pine fault loralemon (2 calls attention also to concentra 


tions of copper deep in the lower sandstone and to the copper mined i 1917 
1920. which came mainly from sandstone ; these concentrations are likewise re 
stricted to the steeply inclined fold limb immediately northeast of the White 
Pine fault The character and distribution of these concentrations in sand 
stone all suggest a relatiol hip to structure ind the sandstone copper was 
therefore presumed to be manly post tecton This seemingly learcut rela 


tion to structure was strongly contrasted with the distribution of copper 1 


shale, which extends from the White Pine fault up over the crest of the anti 


line. and then for at least tw miles down the opposite flank the relativel 
uniform distribution of copper in shale, furthermore, is in marked contrast 
to the patchiness it the indstone Sales does not attempt to explain these 
contrasts, but argues directly from the post-tectonic character of one di 


tribution that all the distributions must be post-tecton 


His statement that all the 1 ips show a relationship between ore and the 


White Pine fault is, at the very least, stretching a point when applied to the 


' 
maps showing copper in shale It is true that the richest part of the lowest 
copper-shale bed is near the fault, and that the grade seems to decrease 
gradually tor 2 3 mile i iv trom it \s he clearly recognizes, however. 


1 


e same relatior shiy could just as we result from offset of a pretectoni 


re body by the fault This latter ¢ x planation requires that the ore body con 
tinue on the opposite si le of the fault, and there has, needless to say, been 
considerable informal speculation on the possibility for some time, but more 
exploration will be needed before the question is answered If the patter: 
of copper distributior thwest of the fault should prove to be consistent 
with the hypothesis that a prefaulting ore body has been offset, this fact will 
irgue for the existence of a pretectoni copper concentration ilmost as strong] 
a lack of ore southwest of the fault would argue against it Che important 


point will be whether r not the patterr of copper distribution matches across 


thie fault ind not whether the orace INCTEeCASES OF dee TeaAses AWA tron the 


Phe diagran for the mpner nternt if the three higher shale lavers f 
Figs. 1OB-D s} vy | h 1 nt ind low points both near and far fron the 
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fault, and if there is ; ] » areally” between fault and copper 


is far from obvious 


lationchi 
OM reiatl . ] 
in the »¢ beds, it certainly 


(b) Sales’ objection to twe episode 


s of mineralization seems to be based 
on the presumption that the 


post-tectonic copper in fissures and sandstone 
had to come from some source outside the deposit. He completely ignores the 
likelihood that the shale might be the source of the copper in the second 
period of mineralization” that he decries so heartily as part of a hypothesis 
a hypothesis is certainly not “untenable.” 
hydrocarbon of the 


that is “wholly untenable.” Such 
One may cite the Nonesuch shale as a clearcut example 


of Hydrocarbon is very finely d 


a remobilized constituent isseminated in the 
somewhat larger blebs or masses both in the interstices 
of sandstone (where it is later thar 


faults that cut the rock 


shales, and occurs in 


chlorite) and in the joints, veins, and 
relationships identical in 

shown by the copper minerals. One 
the hvydrocarbot 


all respects with those 
would hardly conclude from this that 
was introduced into the shale from the faults 


Joralemon (2) says that if there has been “solution, migration, and re 
deposition of the copper subsequent to its original deposition,” the migration 
must have been extensive his conclusion is debatable 
produced from the old White Pine mine, mainly from sandstone, amounted to 
less than 10,000 tons Even if it be granted 


stone, including that in beds well below the parting shale, amounts to as much 
as 20 or 30 times this sum, the total is small compared with the published 
reserves of more than 3.000.000 tons of copper for the deposit as a whole 


either the sy ngeneti 


The total copper 


that the total copper in sand 


It should also be noted that nothing in 


or diagenetic 
theori ~ precl des the e 


xistence of some copper in sandstone before faulting 

From the pomt of view of redistribution, the quantitative importance of 
copper in fractures is more difficult to evaluate If the copper were introduced 
along the veins from a remote source ne might expect areas with numerous 
veins to contain more copper than those without veins; 


conversely, if the 
lateral secretion from the immediatels 


ile walls, one would expect the abundance of copper and its 
stratigraphic distribution 1 


copper in the veins accumulated | 
idjoining sl 


i given block of ground to be little affected by 
the presence of veins In general the latter situation seems to hold (6, Pp 
708-712 Ithough no one has yet carried out detailed sampling designed 
specifically to settle the question \ study of the distribution of copper iso 


topes made for this purpose (5, p. 186 189 


was inconclusive 
In short, some of the copper at White Pine has unquestionably reached 
its present resting place since the rocks were deformed, but Joralemon’s force 


ful pl raseology gives a very exaggerated impression of the proportion of 
copper that has demonstrably moved more than a few inches since deformation 

Sales argues reasonably enough that if there are two episodes of copper 
deposition, it should be possible to find “demonstrable differences in the kinds 
and space relationships of the copper minerals in the ore.” Differences in 
kind and space relationships of the copper minerals do exist; pyrite or chalco- 


pyrite occurs in veins cutting chaleocitic shale in the heart of the ore zone: 
bornite-chalcopyrite veinlets locally cut the parting shale and also pyritic 














shale just above the ore zone; E. L. Ohle, Chief Geologist at White Pine, 
has recently shown me specimens with border zones 1 to 6 inches wide next 
to chalcocite veinlets—the border zones contain only chalcocite, in contrast 
to the rock beyond, which contains both chalcocite and native copper; chalco 
cite can be found in pseudomor 
Though all these things su 


phs after pyrite at the top of the ore body 
rgest sequences of events, they do not provide 
evidence for the time gaps, if any, within the sequences It is easv enoug! 
to identify the copper minerals in cracks (the third element in Joralemon’s 
discussion) as postfracturing, but inasmuch as the great bulk of the copper 
minerals are finely disseminated in shale without any demonstrable relation to 
cracks, the real problem is to find irrefutable criteria for dating the finely dis 
seminated copper minerals away from cracks. Despite considerable search, 
I have seen nothing myself in outcrops, mine faces, or drill core, megascopically 


or microscopically, that would prove beyond doubt that copper minerals were 


or were not present before the faulting loo much depends on the powers 
one will grant to the process of replacement. The kind of problem one 
faces 1s represented by our discussion ot chalcocite nodules (6. Pp 702 It is 


quite likely that some of the investigations now being carried out at White 


Pine will provide the kinds of proof that are needed, but this remains to be 
seentl 

(< The most compelling argun ents in favor of the existence of a pre 
tectonic copper concentration are the following (1) The striking contrast 
between the distribution of copper in sandstone and that in shale, both 1 
area and character, has been noted above 2) That fractures have apparently 
played a very minor role is shown by lack of correlation between shale-ore 
distribution and the abundance of faults and fissures (6, p. 708-712 (3 
The stratigraphic position of the top of the ore zone is extremely regular 
over wide areas, and is apparently independent of fissures If fissures played 
any significant part in the ore distribution, one should find widespread evidence 
for mantos on the numerous favorable—t.e., carbonaceous, thinlv laminated 
beds well above the ore zone } Finally there is the problen of wl 
unless driven by an overpowering faith, solutions should ever choose a patl 
that goes up over the crest of an anticline and then more than two miles dow: 


the other limb, for a droy f 1,000 feet, instead of taki va path to the surface 
uy the plunging crest of the ant line 


These arguments pose very real objections to a post-tectonic origin for 
all the copper, but Sale s does not meet ther directly By wav ot answer, he 
only suggests a mechanism that explains in general terms why the loci of 
deposition might seem to be independent of structure He proposes that 
the copper has been introduced into the shale largely by diffusion from adjoin 
ing sandstone aquifers, and that it has precipitated there in certain layers 
as a result of their higher carbon content. Since lithology and carbon con 


tent are determined primarily by the paleogeography of the environment it 


which the host rocks were laid down, it is natural that the distribution of the 


copper should show an intimate relationship to lithofacies This is a reasor 
able enoug! hvpothesis nd mething Ke t} 1 vel] } ve take | ice 
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at some time in the history of the deposit, but it does not meet the specific 


obiec tions to post tectonK shale coppe r pose d in the foregoing paragraph, pos 
sibly excepting the second. Scrutiny of the mechanism that Sales proposes 


will reveal that it emphasizes the sandstone beds and not the fissures, the 


lithology of the host rock and not the structure The only tectonic feature 
that remains as an essential part of his hypothesis is the White Pine fault, 
and with 1,000 feet or more of permeable sandstone and conglomerate beneath 
the Nonesuch shale, one may reasonably inquire why even that is needed 
Che necessity of explaining the shale copper by a mechanism that would worl 
as well or better without the faults and fold reveals the weakness of the case 
for making all the copper post-tectoni 

Two minor aspects of Sales’ discussion deserve comment (1) The co 
’ 


existence of chalcocite and native copper tells us little, if anything, about 


the origin of the deposit—copper and chalcocite are almost certainly stabl 
together in a range of environments that would include both the sedimentary 
and epithermal. The proportions of the two would be governed by the partial 


pressure of sulfur, and in a w-sulfur environment, native copper could 
predominate 

The role of hematite lucing copp ulfide solutions is open to ques 
tion. That chalcocite and hematite are stable together in the environment of 


these deposits is shown by fairl mmon selvages of earthy hematite around 


chalcocite nodules, with no intervening native copper. Crystalline hematite 
and chalcocite also occur in close proximity, at least, in vei 
deposits in lava 50 miles east of White Pine 

(2) Dr. Sales notes that “although a large body of quartz porphyry occurs 
within a few miles of the mine area, the authors fail to mention it as a possible 
source for the sandstone copper.”” There are, indeed, bodies of rhyolite bot! 
west (in the Porcupine Mountains) and south of White Pine, though rela 
tively little of this rhyolite, particularly in the Porcupine Mountains, could 
properly be called quartz porphyry The age of these rhyolites is most criti 


1 


cal: if they antedate the Nonesuch shale, they obviously cannot be a source 
of epigenetic copper in that fo tior Evidence beari 


be briefly summarized as 


g on this point may 


The typical rhvolites of region ; ill interstratified with 
into rocks older than the onesu shal Although relatively little has beet 


done on these rocks, parth aus vy are poorly exposed, the geologist 


; 


st recent igato who have actually studied then 


interpreted 1 y, if not most, of the rhyolites of the region 


1 


groups of flows i e upper part of the Middle Keweenawan 


lava series The so-called “ ! wa felsite”’ can be traced as a stratigrapl KK 


unit for many miles e otl 1, much of the rhyolite in the area 


south of White Pine and at least a hi of the rhyolite in the Porcupine 


Mountains ts definitely 1) ith the rhyolitic and mafic lava flows 


It does not typical! le ock mediately below the Nonesuch shale, 


although I did mall rhyolite dike cutting conglomerate only a hundred 


1 
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feet or so below the shale in an outcrop seven miles east-southeast of White 
Pine. The only rhyolite known to cut rocks above the Nonesuch shale in 
the region is 6 miles north of Hancock, Michigan (1), 56 miles from Whit 
Pine, but this is biotitic and strikingly different from the other rhyolites of 
the region. There is, therefore, nothing to show irrefutably that the rhyo 
lites are or are not all older than the Nonesuch shal 


The authors of Professional Paper 144, who favored a magmatic hydro 


thermal origin for the White Pine deposit, naturally interpreted the rhyolite 


of the Porcupine Mountains as a post-Nonesuch intrusion ; their only evidence 


for this view is the domelike shape of the body and the pattern of faults in the 
surrounding terrait the White Pine fault is one of these), both of which 
suggested to them the possibility that the body is essentially laccolithi It 


may be pointed out in opposition to this view that most of the rhyolites of this 


complex are (or were glassy und much finer grained than would be ex 


pected in a laccolith at least 12 miles long and 4 miles wide, intruded beneat! 


1 sedimentary cover many thousands of feet thick 


The following evidence favors an earlier date for the intrusive rhyolite 
7 The presence of exceptional amounts of both intrusive and extrusive 
rhyolite suggests a connection between the two, and if they represent the 
identical period of igneous activity, most and possibly all of the intrusive 
rhyolite antedates the de position ot the Nonesuch shale b The great abun 
dance of rhvolite fragments in the Keweenawan rocks in and below the None 
such shale likewise suggests that the great period of rhyolite intrusion and 
extrusion was pre-Nonesucl 


It might be further pointed out that the later the ore deposit, the more 
remote the possibility that it has any connection with the Keweenawan rhyo 


lites. Since beds thousands of feet above the Nonesuch shale were involved 


in the faulting and folding of the area, a connection between ore deposition 
and rhyolites is far more compatible with a syngenetic or early diagenetic origin 


than with a post-tectoni epigenet origin 
To sum up, therefore, important stumbling blocks remain in the path of 


the “simple” hypothesis that all the ore is post-tectonic, and it was the exist 


I 
ence of these obstacles that led us to favor a more complex origin in our 
riginal article \ more « plex origin still seems essential, but as indicated 
at the beginning of this discussion, we did fail to consider an alternative that 


seems ft fit the facts of «} icl | im now aware hye tter than ‘ it} er a syngeneti 


ra post-tectonik ey renet rigi 
Smece 1T pape r Was vritten, the White Ping dep sit has hee opened 
up, and a great deal of further exploration and study has been carried out by 


ining companies on the Nonesuch shale both at White Pine and farther east 
and west Though not an active participant in these undertakings, I have 
been fortunate in the opportunities given me to examine drill core, drill logs 
ind underground openings, for which I wish to thank geologists and officers 
~f the White Pine Copper | S. Metals Refining Co., and Bear Creek 


— 


Mining ( It has become increasingly apparent that the top of the cuprif 


erous zone is a fairly sharp boundary, both at White Pine and elsewhere, and 
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that all the dark-colored carbonaceous beds below this boundary are cuprif- 
erous, to some extent in proportion to their blackness, whereas those above 
it have only the traces of copper one might expect in any black shale. The 
boundary does not fall in the same bed everywhere, as Figure 5 of our original 
article (6, p. 686) shows, but over lateral distances measured in thousands of 
feet or miles gradually but very definitely transgresses up or down strati- 
graphically. Microscopic study of drill core from the boundary has shown 
the existence of clearcut vertical zoning, with the sequence, in ascending order, 
chaleocite-bornite-chalcopyrite-pyrite. This zoning is very abrupt, commonly 
occurring in the space of 1 to 6 inches. Each zone contains finely dissemi 
nated grains of its characteristic mineral and the transition zones contain two 


minerals. An unusual feature of the zoning is the fairly common occurrence 
of minute traces of greenockite (CdS) in the lowermost pyritic bed above the 
cupriferous zone. Megascopically, at least, many drill holes do not show 


the complete sequence of zones—one dark-colored bed with only disseminated 
pyrite may lie several feet or even tens of feet above the next dark-colored 
bed, and this lower bed may contain only chalcocite ; no bornite or chalcopyrite 
will be found below a bed with disseminated chalcocite, however, except in 
veins, or possibly at the very bottom of the cupriferous zone 

These relationships are not what one would expect in an unaltered syn 
genetic ore body, in which the mineralogy of each layer would be determined 
primarily by the bottom conditions at some particular time. Within such 
an ore body, one would expect to find a scattering of layers of differing min 
eralogy throughout the section, representing oscillation of bottom environ 
ments \lthough there might well be some gross trend on the scale of that 
of the Roan Antelope deposit, there should not be just one sharp zoned selvage, 
without evidence of oscillations, marking the limit of the ore body 

Another still more critical facet of this problem is the apparent lack of 
copper-bearing layers among the numerous dark carbonaceous shale beds in 
the 600 feet of strata above the cupriferous zone; many of these are litholog 
ically identical with beds in the copper-bearing zone. Though it is always 
risky to say that something is absent, | have examined a number of complete 
drill sections of the Nonesuch shale, paying particular attention to the darker 
layers, and feel quite sure that there are no cupriferous layers above the cup 
riferous zone. (There is not even very much pyrite in most of these layers 
Such assays as have been made of the rocks above the cupriferous zone sup 
port this view If the copper came directly from the lake or sea in which 


the shale was deposited, it is very difficult to explain how practically all the 
| I I 


copper came to be deposited in the basal 4 to 5 percent of the Nonesuch 
shale, with no recurrences of copper deposition in the beds higher up. On the 
other hand, the relationships are quite compatible with the possibility that 
the copper was introduced into the shale from the immediately underlying 
sandstone The top of the ore body in any vertical section would, under 
this hypothesis, simply represent the place where the last copper was removed 
from solutions moving generally upward through the shale, and no copper 
would be « xpected higher in the sectior 
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For these reasons, it seems necessary to conclude that the bulk of the 
copper arrived after the upper t cupriferous beds were in place and perhaps 
covered by several tens r evel hur dreds of feet t overlyu y beds But the 
irguments for pretectonic copper make it likely that this introduction of 


copper { Oh place before tne 1 ks vere detormed Because the permeability 


of the shales and the cher il activity of the organic matter would both 


decrease rapidly with time and burial, the earlier the origin, the more readily 


is it explained. Chalcocite locally forms nodules and also is finely dissem 
inated in some calcareous nodules; the bedding is deflected around these 
a een resting that tl npreciably antedate th ' 
nodules suggesting that the ippreciably antedate the present state of com 


pactior Though these relationships are not compelling, they do conform 
readily with the hypothesis that the copper was already present during the 


early stages of compaction and 


re 
, 
7 


' 


Where did the copper come from and how did it get there? These critical 
questions cannot be answered except by hypothesis that is almost as tenuous 


as the late-epigenetic theory. One who has worked in the region cannot fail 
to be impressed by the enormous extent of the area in which copper is almost 
1] 


universally present at the bass f the Nonesuch shale This area is at 


‘ . ‘ , pavage ; 

least 100 miles long and 10 miles wide (6, p. 715 [he size of the area 
i 

suggests a widespread rather than a local agent of copper distribution, even 


though there are great differences from place to place in the actual concentra 
tion of copper Che kind of regional movements of connate water that must 
take place when a large sec entary prism is compacted would satisfy the 
implications of both the widespread distribution of copper and the evidence 
that copper was present fairly early in the compaction process. The role of 
diffusion and particularly the causes of deposition that Dr. Sales has sug 


| g 
pre sted may well have been importa {, al d it can hardly be doubted that these 
ictivities would proceed re readily in only partially compacted sediments 
than in lithified and deformed sediments 

The still more speculative question of how the copper got into this con 
ate water in the first place est left open at this time 


To conclude on a more philosophical plane, Dr. Sales seems to argue, 


particularly in his next to last paragraph, that an explanation that is simple 


and understandable is ipso facto more credible. The merits of associating 
simplicity and credibility are certainly dubious. But even granting a rela 


tionship, when two deposits are as different as White Pine and Butte, is it 


not actually simpler to infer entirely different origins than to atten pt to force 
both into the same mold Reducing all nonferrous metal deposits to the 
common denominator of a fault or favorable bed or both, plus ar igneous rock, 
seems ilke i rather extre c eT | ncat 1 


Wacter S. WHite 
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ry RONTAN ;’ " j S CONGLOM] f } 


Sir: C. F. Davidsor ndefatis e in his efforts to show that it 1s unlike 
that uranium in Witwatersrand and Huronian conglomerates could have beet 
of placer derivatior Many if not most of his arguments have the following 
theme in common: if the uraniun f placer origin then the deposits and the 
edimentary rocks that ntain then re extremely unusual if not unique. 


It is hard to see how this approach can be very helpful in answering the burt 


ing question: “How did the uranium get the re?” We know that both the 
Witwatersrand and Huronian stratigraphic sequences represent unusual as 
semblages of ro ind that it is | 1 to duplicate them anywhere in the world 
n rocks of any age \pparently, such sedimentary sequences are formed 
under uncommon conditions, at f formed they are seldom long preserved 


We also know that uranium deposits of the Huronian and Witwatersrand 
tvpes are rare (even though they contain much of the world’s uranium or 


reserve ind in fact have only been found in rocks that are probably almost 
2 billion years old. Whether the deposits are of epigenetic origin or of placer 
lerivation, they were obviously formed under combinations of conditions that 
ire so unusual that they are not k1 n to have recurred on an important scale 
d Iring the | tp | eal T t 

In a recent discu ! ] lavidson has emphasized “two fundamental 


pn 
geochet cal criteria wherel the nket res ot the Witwatersrand, Blit 


River, and elsewhere can be distinguished from radioactive mineralization of 
unquestioned detrital origin.” He seems to imply that the “criteria,” or 
tandards of reference, are based not only on consistent analytical data but 
ilso on chemical | | unfortunate that such a conclusive 

riteri must be de é S oie is his first one First in the Wit 
watersrand-type formations the highest uranium content is almost always 
ssociated with the country rock sediments of coarsest grain size, this being 
the antithesis of the distribution pattern habitually found in the radioactivity 
gging of unger strata.” WI es he imply that radioactivity logs of 
bore-holes constitute measurements of variations of uranium contents in dif 
ferent rocks through the sequences drilled when he is well aware (2, p. 689 
that “these give no precise quantitative measurement of the uranium content 


f the strata \s a matter of fact, less than one-quarter of the radi 


- + 
oactivity 
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obvious decreases in sizes of quartz pebbles (8) and are accompanied by 
changes in proportions of minerals present—fewer grains of heavy uraninite, 
brannerite, and large titaniferous compounds, more of lighter monazite and 
zircon (Y) 

Contrary to Davidson's interpretation of my earlier discussion on thorium: 
uranium ratios at Blind River (4), I did not reverse his second criterion (de 
posits that contain more uranium than thorium are syngenetic) and thus 
attempt to show that since thorium was commonly in excess of uranium in 


leposits must be of syngenetic origin. I did 


Blind River conglomerates, the ¢ 
not accept the criterion, or reject it, or reverse it, or express a belief that 
the uranium deposits were of syngenetic origin. I merely pointed out that 


anyone interested in the origin of Blind River uraniferous conglomerates should 
have long been aware that most quartz-pebble conglomerates, not only in the 


region, but also in the immediate vicinity of the ore deposits, contain more 


thorium than uraniun I also reiterated the established fact that conglom 
erates and quartzites with varying ThO,:U,O, ratios (as high as 4.0) are 
interbedded within ore zones (7, p. 481). Davidson’s claim that he ade- 
quately acknowledged the existence of thorium-rich conglomerates in the 
Blind River area by making reference to monazite deposits 200 miles away 


in rocks that cannot even be correlated with the Huronian in Ontario is hardly 


worth a comment \lso his suggestion that the thorium mineralization could 
| 


be a “hypothermal phase zoned around the mesothermal uranium mineraliza- 
tion” represents a complete disregard of well-established spatial, 


mineralogical and metamorphic relationships (4, 7, 8, 9 


geological, 


Davidson unfortunately conveys the impression that it has been demon 
strated, in some unspecified way, that in the Blind River area there is a “con 
sistent sympathetic association of the heavy uraninite with the much lighter 
pyrite and (an) antipathetic relationship of pyrite to the equiponderant mona 
zite.”” This revelation is so baseless that I hesitate to repeat it even for 
purposes of refutation. It has been clearly indicated in many descriptions ot 
Blind River deposits that, although pyrite is generally more abundant in 
highly radioactive than in weakly radioactive conglomerates, there is no posi 
tive correlation between pyrite content and uranium content. It should be 
obvious also from the literature that uraninite is not the most important 
ore mineral in all ores, and that it is actually a rare mineral in most of the 
pyritic radioactive conglomerates of the region. No writer has reported 
that pyrite is more abundant per pound of U,O, in uraninite ore than in bran 


nerite ore, or in monazite-rich ore and conglomerate As a matter of fact, 
pyrite: U,O, ratios are lower in most uraninite-rich ores than in other ores 


and are highest bevond the margins of ore bodies in monazite-bearing con 


glomerates, which may contain as much pyrite as ore conglomerates, but n 
detectable uraninite or brannerite 

The abundance of pyrite relative to any one or all of the many radioactive 
and non-radioactive heavy minerals in Blind River conglomerates is markedly 
erratic and this relationship could be considered consistent with a theory that 


the pyrite is of multi-genetic origin Associations of other minerals show 
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more consistent relationships, although even these are sufficiently erratic that 
the data—measurements of mineral abundances, grain size measurements, and 
chemical analyses—must be abundant before a systematic pattern can be dis 
cerned with demonstrable statistical confidence. This is a phenomenon per 
haps more characteristic of detrital sedimentary rocks than of hydrothermal 
mineral deposits. In so far as I have been able to fulfill the exacting require 
ments of a study of variations in mineral associations, the pattern of these 

| - 13] 


variations certainly appears to be one that could readily be explained by hy 


draulic separation of lighter heavy minerals from heavier ones and smaller 


minerals from those that were available in larger grain sizes. Presentation 

of these data and consideratior f whether or not they prec lude any possibility 

that the bulk of the uraniun f epigenetic origin are obviously neither pos 
I 


ne nor necessary here 
Perhaps Davidson bases both his statement concerning an antipathetic 
relationship between pyrite and monazite and his anticipation that I may 


“proceed to ‘hydrothermalize’ the pyrite at Blind River” on the existence of 
hematite-ilmenite-magnetite-1 izite-zircon-thorite-bearing conglomerates in 
the Lorrain formation 12 miles north of the Elliot Lake deposits (5 I 


yonder, incidently, what he might do with the information that there is a 


very unusual deposit 90 miles northeast of Elliot Lake that contains an ilmen 


ite-zircon-uraninite association. It is asked: “But if the pyrite is hydro 
thermal, why not the uraninite also?” There is conclusive direct evidence 
that pyrite is im part a secondary mineral in the conglomerates. Surely no 


objective student would interpret this fact as evidence that other minerals in 


the conglomerate—uraninite, brannerite, monazite, rutile, uranothorite, zircon, 
chromite, cassiterite, quartz and feldspar, for example—are necessarily of 
hydrothermal origin. Pyrite is common as an epigenetic mineral in slightly 


metamorphosed rocks, like those at Blind River, but uraninite containing a 


high thorium and high rare-earth content has never to my knowledge been 
reported as a de finite epigenetic mineral in such slightly metamorphosed rocks, 
nor have the other principal radioactive minerals 

It seems worth while to re-emphasize a point that has been ignored by 
| 
| 


many writers. The Elliot Lake (Blind River) deposits in virtually unmeta 


morphosed rocks cannot conceivably be high intensity hydrothermal deposits 

The mineral associations are anomalous for low intensity hydrothermal de 

posits; moreover there is no country rock alteration associated with the ura 

nium mineralization (except very locally and incidentally) nor any evidence 
+t trodu tion ¢ f vangue 1 ner le - signifi ant trace elements 2 
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New Zealand Coals, Their Geological Setting and Its Influence on Their Prop- 


erties. By R 112 New Ze nd Department ent 
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The H 1 C values used { e the ba w establishing the position of a 
coal band for New Zealand coal omewhat different fror that pr pared by 
Savler ind others for overseas mainly Carboniferous. coals Adjust volatile 
matter and calorific values are then superimposed in a grid over the coal band afte 
the methods of Sevylet Frane il others This makes it possible to arrive at 


' 
values for “calculated” volatile matter and calorific values, although calorific value 
can also be determined by use of a modified Dulong type of formula Suggate 


holds that depth of burial is the most important influence in determining rank and 


uggests (p. 91) that a “standard sequence indicating the effects of depth of burial 


is desirable.” To this end he provides a chart indicating variations in H’, C, calo 


rifice value in volat le matter is determined by depth of burt: ] The most con 
venient way or reterring to a coal « the rank attained by being buried 19,000 ft 
to describe it as be ne ot ‘rat k ] )’ 

lhe use made of crucible swelling members (Chapter 8) is based upon the 
proposition that the swelling powers of coal, first developed in lowest rank bitumi 
nous coal, increases slowly until medium volatile bituminous rank and then rapidly 
decrease S p 59) I he decrease | T lleled by al increase 1n porosity il 1 a 
consequent tendency for moisture ntent to increase wa appears that New 


Zealand coals begin to develop swelling properties at a slightly lower carbon cor 


tents than British coals, that the swelling properties develop more rapidly in the 


middle range (numbers 4 to 8), and that the coals attain far greater degree ot 
swelling” (p 59) “For New Zealand coals the decrease begins at 33 per cent 
volatiles,” which may also be the case for British coals (p. 60). This is accor 
panied by increase in porosity In general coals with the lowest moisture cor 


tents (air dried coals) have the highest swelling numbers, and it has been found 


that where the overburden (which ranges from 1 to 1,000 ft) is shallowest the 
coals have, in general, the higher moisture contents.” 
Gitpert H. Capy 
URBANA ILLINOIS 


| ’ ’ 


Dana’s Manual of Mineralogy, 17th Edit. Revised by Cornetius S. Hurtpurt, 
Jr., 1959. Pp. 609; figs. 634. John Wiley & Sons, New York, 1959. Price, 


' 

$11.50 

This 17th edition of the well-known Manual of Mineralogy appears some 7 
years after the 16th Edition and with 104 more pages [he general arrangement 
is the same, with identical section divisions, but the content of each section has 
undergone cor! siderable cl ing? 

Chis edition reflects further the « inge m muinet ilogy from the des riptive to 
the quantitative Although the descriptive has been retained, as it must in any 
clementary treatment oT 1 neral vy quantitative methods have beet introduced 

iore fully One notices the broad use of the crystal-chemistry approach, whicl 
serves to unify the chemical, crystallographic and physical properties of mineral 
tl rough tundamental tructural ar chemical cons derations 

The second sectiotr n Crvst wraphv is drastically changed and now includes 
the stereogt iphic projection the 32 crystal classes, rules for crystal orientatior 
calculation of axial ratios, and x-ray crystallograpl 4 The section on Chemical 
Mineralogy +) has been adapted to a new quantitative approach and Crystal 
Chemistry has been added t In section 5, Descriptive Mineralogy, a short dis 
cussion of the cryst emistt f each class precedes the description of individual 
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The Geology and Mineral Resources of the Sandakan Area North Borneo 
17 02; f 16; tbls. 21 ] 
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Pliocene and Lower Pleistocene of the Western Part of the San Francisco 
Peninsula. \\ ED p. 147-197; pls. 3; : ! 00 
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A Contribution to the Problem of the Origin of Some Chrysotile Asbestos 
Deposits in Eastern Asia. ZpeNEK VeyNAR. Pp. 76: pls. 16; figs. 12. Sbornik 
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The Economic Geology of the Stirling and Clackmannan Coalfield, Scotland. 
Area South of the River Forth. W. A. Reap and R. B. Wirson. Pp. 73; figs 
15; thls. 2. Price, 7 shillings. Coalfield Papers of the Geological Survey of 
Great Britain No. 2. Edinburgh. 1959 Summary of the geology for this coal 
mining area 


Systematic Study of So-called Gigantopteris. Kazuo Asama. Pp. 72; pls 
20; figs. 6; thls. 14. Science Reports of the Institute of Geology and Paleontology, 
lohoku University, Vol. XXXI, No. 1, Sendai, Japan, 1959. A thorough dis 
cussion of an l'pper Paleozoic fossil plant. In English 


Forty-Seventh Annual Report by the State Inspector of Mines to the Gov- 
ernor of the State of New Mexico for the Year Ending June 30, 1959. W. H 
Hays Pp 78: thls. 19 Office of the State Inspector of Mines, Albuquerque 
1959. Increase in the production of copper, manganese, uranium, coal, and sand 
and gravel offset reduced production of lead, zinc, and perlite 


North Dakota Has Rapid Mesozoic Facies Changes. D. E. Hansen. Pp. 5 
thls. 2; figs. 5. (Reprinted from World Oil.) North Dakota Geological Survey 
Rept. of Investigation Number 34, Grand Forks; 1959. A newly postulated grada 
tional boundary between Jurassic and Cretaceous sediments of North Dakota sug 
gests the possible existence of stratigraphic traps. 

The Beach Ridges of Northern Ohio. Jane L. Forsytn. Pp. 10; 


map. Price, 25 cents. Ohio Geological Survey Information Circular No. 25 


ngs ~ 


Columbus, 1959. Correlation of beach ridges and the different glacial lake stages 
im this area 


Recherche Geologique et Minerale en Polynesie Francaise. Ip. 60: pls. 24: 
figs. 3; thls. 1. Maps, scale 1: 15,000. L’Inspection Generale des Mines et de la 


Geologie de Polynesie Francaise, Paris, 1959. Two papers: one by I Aubert 
de la Rue deals with the evidence that the volcanic rocks rise directly from the 
sea floor and that there is an absence of qranitic continental base. The second 
by A. G. Obermuller, reports on a petrological study of some rocks on Clipperton 


Island. In French; English summar» 


The Mineral Industry of South Dakota in 1958. D. H. Mutien and A. F 
AGNEW Pp. 13; tbls. 7. South Dakota Geological Survey Minerals Report 5, 
Vermillion, 1959 Statistics for the mineral industry exclusive of eateenal fuels 
Annual Report of the ar ety- Survey Department 1958. Pt. I, Adminis- 
trative. Pp. 19. Price s. 2/30 Tanganyika Geological Survey, Dar 
Salaam, 1959 


es 


Service de la Carte Géologique de l’Algérie—Alger, 1957-59. 
Bull. 16. Etude Géologique de la Région des Biban (Algérie). ANoré Carre 
Volume I, Pp. 492; figs. 57; thls. 4. Volume II. Pp. 280; figs. 92; pls. 15 
maps / A two-volume study dealing principally with the stratigraphy and struc 
ture of a region containing nappes of early Miocene age. In French. 
Bull. 6. I. Recherches sur la Géologie du Littoral Oranais. II. Epiro- 
génése et Nivellements. Yves Gourtnarp. Pp. 200; figs. 33. Pages are uncut 
The first paper discusses the littoral sediments of Cenozoic age in the vicinity of 
Oran. The second deals with level indicatiors for epirogenic movements. 
Bull. 20. Travaux des Coltaberateurs sey. Pp. 275; figs. 13; pls. 26; tbls 
3 Pages uncut Ten papers dealu vuli arious aspects of the geology of 
Algeria 











Memoir 2. Goniatites Dévoniennes du Sahara. Germaine l’errer. Pp. 313 
figs. 58: tbls. 6 pls 26 Paaes uncut 


Memoir 4. Vertébrés Continentaux due Miocéne Supérieur de l'Afrique du 
Nord. Camitte Arampourc. Pp. 159; figs. 53; pls. 18; thls. 17. / 


[ ages uncut 


Bureau of Mineral Resources, Geology, and Geophysics—Melbourne, 
Australia, 1959. 


The Australian Mineral ——_ uastenty Review and Questerty Statistics. 
Vol. 12, No. 1. Py 


p 31: : 15 Price 3 Revie f wmports, exports and 


statistics of the mineral indust) 


The Australian Mineral erg oumtaty pg and Quarterly Statistics. 
Vol. 12, No. 2. Py 22; tl Price 


Z 12 This number contains a paper on 
Australian gemstones Gemstone production is gé weber neidental to the work 


ing of alluzial tin and gold deposits 


Bull. 45. Devonian Brachiopods from the Fitzroy Basin, Western Australia. 
J. J. Veevers. Pp. 220; pls. 18; figs. 101; thls. 3 


This study has resulted in 
a revision of Teichert’s (1949 onal scheme 
Bull. 52. A Contribution to the Geology and Glaciology of the Western Part 
of Australian Antarctic Territory. P. W. Cronn. Pp. 103; pls. 48; figs. 15 
Report of investigations carried out in MacRobertson Land and adjoining por 
tions of the Australian Antarctic Territory in 1955 and 1956 races of copper 
iron, manganese, coal, and radioactive minerals have been recorded. but no mineral 
leposits of economic importance have been discovered 
Bull. 55. Devonian and Carboniferous Brachiopods from North-Western 
Australia. J. | Veevers. Pp. 42; pls. 4; figs. 12; thls. 3. Brachiopod species 
have proved useful in distinguishing Upper Devonian from Lower ( arboniferous 
rocks in north-western Australia 

California Division of Mines—San Francisco, 1958-59. 


Bull. 172. Geology and Mineral Deposits of San Fernando Quadrangle, Los 


Angeles County, California. G. B. Oaxkesnortr. Pp. 147; pls. 5; figs. 21; 
thls. 11; photos 91. Cloth binding. Price, $3.75. Petroleum principally from 
the Placerita oil field is the most important economic resource Borates, gold 
and titanium ores are mined 


Geologic Map of Caters Senta Cruz Sheet. Scale, 1: 250,000. Price, $1.50 
One Explanato Data eet as ne map. Index to gqeol 


f 
7é 


gic mapping and 
stratigrapl 

Geologic Map of California Santa Maria Sheet. Scale 
t on 


( and 


1: 250.000 Price. 


$1.50. One Explanatory Data Sheet e map. Index to geologi mapping 


mad sti itigraph: 
Geological Survey of Canada—Ottawa, 1959. 


Bull. 54. Helicopter Operations of the Geological Survey of Canada. Or 
FICERS OF THE (sEOLOGICAL SURVEY OF “ANADA Pp. OO: fies. 5: this. 9 pls 
Price, 75 cents. Operational statistics and appraisals for helicopter surveys 
varied terrains 


Paper 59-4. Geophysical Interpretation of the Magnetic Anomaly at Mar- 


mora, Ontario. Marcaret | BoweEN Pp. 11. Comparison of aeromagne 


tometer survey of magnetite deposit flown at heights of 5000, 2,000, 1,000, 500 


100), 200 400 ind 100 feet ler netructt7r< 








42? 


Geological Map of Canada 1045A 32 inches. Scale, 1:7 
A023 OO fy ) , ] mopar 1 ha transparent overlays of metal 
genic maf vith explanatory notes and special references and locality numbers 
lor aro } her mn molybdenun md uranium in Canada 

Bibliography of Seismology No. 3. Items 10310-10513, January-June, 1958. 
W. E. T. Smut Pp. 61-83. Price, 25 cents 


Illinois Geological Survey—Urbana, 1959. 
Circ. 280. Visual Estimates of Grain Size Distribution in Some Chester 


Sandstones. |). H VANN, R. W. | eR and M. J. WALTER Pp. 43: figs 
14: tbl } This is an attempt t ] p a rapid semi-quantitative method for 
htaining data on the distributios e of grains in consolidated sandy rocks 
uswga ier ‘ | miic? ‘ ie 


Circ. 281. Hydraulic Fracture Theory. Pt. III. Elastic Properties of Sand- 
stone I. M. CLEARY Pp. 44; tbl 10: figs. 16 Experimental data suaqqests 


ata? predictioy f the « chavior f 1 given rock can be made on 


the hasi f she + 


, ’ 


Z ( ontams a p 


Circ. 282. Chemical and Spectrochemical Analyses of Illinois Clay Materials 
WV Ay Wuite. Compilator 1. Sc. thle } Lod j 


sicad an 


nf ed ai us } ] | byl for I not TV matertais 


Circ. 283. Economic Aspects of Direct Reduction of Iron Ore in Illinois. 
W. H. Voskxurt and H. E. R Pp. 19; fig 8: thls. 4. Direct reduction 

ll supplemes f n in areas wher king wl is not available 
7 ¢ ¢ ; | / ; ad ’ he sal? if ma } het fot 1 f ” scrap 


7 nm as Tite nardée | J pen 


Bull. 86. Upper Mississippian and Pennsylvanian Megaspores and Other 
Plant Microfossils from Illinois. Marcia R. Winstow Pp. 135: figs. 9 


1] 16: thi 3 ! preliminar tigation of land plant meaaspores and other 
resistant plant pa irring U 1 and carbonaceous layers from Mississippian 
mad CnnS mia scdiment } fud ” li ted that me jaspores may be 
; ; al Ul 


Bull. 87. Petroleum Industry in Illinois, 1958. Pt. I. Oil and Gas Develop- 
ments. Pt. II. Waterflood Operations. A. H. Beir, R. F. Mast, Marcaret 


117 } ) c 
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Indiana Geological Survey—Bloomington, 1959. 


Rept. of Progress 14. Fossil Plants of Indiana. J. E. Canricur. Pp. 45 
ah. G. i 3: fis } lay mprising 146 species and belonaqing to 68 


jenera 


Rept. of Progress 15. Petrographic Similarity of Wisconsin Tills in Marion 


County, Indiana. W. H 39: thls. 4; figs. 5. Compositional and 
textural sin ‘ I fine ! i samples suqagests uniformity of 
glacial pr 664 j — dee ice area for success alaciations 


Rept. of Progress 16. The Mt. Carmel Fault and Related Structural Features 
in South-Central Indiana V.N. M rn and N. M. Smit Pp. 29: pl. 1 
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Geological Survey of Japan—Hisamoto-ché, Kawasaki-shi, 1959 
we of the Geological Survey of Japan, Vol. 10, No. 8. Pp. 78. Englis! 


acts Mave pape , ‘ j pi ‘ . md water jeol 
md phetr | 
Bulletin of the Geologic al Survey ¢ of Japan, Vol. 10, bees 9. | 102. } } 
ibstracts ne pabers ; smr?'s 1 ¢ dist? f< 7 lahan 
Geologic Map of Ishinomaki le, 1: 200,000 


Kansas Geological Survey—Lawrence, 1959. 


Bull. 134, Pt. 7. The Mineral heen in Kansas in 1958. \W. H. Scnoewe 
Pp. 243-287 ; tbls. 41; figs. 3 statistics for t 


.) mincra 


Bull. 141. Ground-Water porn in Observation Wells in Kansas, 1958. 
Vv. CG Pruum, FE. L. Gi y, and E. L. Reavi Pp. 14¢ gs. 24: thls. 4 
{bove-normal precipitation » ted in a ris f nd-wa 


New Zealand Geological Survey—Wellington, 1959 
Bull. 134. New Zealand Coals: Their Geological Setting and Its Influence 
on Their Properties. R. | eE. Pp. 113; figs. 48; thls. 6. Price, 12s.6d 
1 discussion of ta , 


semit-anthira 


Bull. n.s. 63. The Geology and Hydrology « of mesenger Samoa. J). Kr 


B I W oop Py 9 if) rf ' [ rice 4) ire Lev Pomev 
of the area debe / ; ; hom ay rdeauate fy AA < 
ij 1 lop nsiadcra ; ni [ | ‘ Poment re CX PLOT ¢ / 

Sheet | NBS. Geological Map of New Zealand. Waiotapu. G. W. Grinoiey 
Wap ( 2/ 


Sheet 21. Geological Map of New Zealand. Christchurch. L. FE. Onorw 
ind R. P. Succate. Map I: 250,001 

Ontario Department of Mines—Toronto, 1959. 
Sixty-Seventh Annual Report, Vol. LXVII, Pt. 3, 1958. Gostegy of the 
— Lake Area. F. | Pp. 22; f 8. May ile 1 50 
pone pyrite a ted md si 


byrrlh f ; 1? 


Sixty-Seventh foar Report, Vol. LXVII, Pt. 4, 1958 es logy of the 


Wapesi Lake-Tully Lake Area. W. R. M. WILtLIamson PP. Hupes 
Py 11 nhato S- fic. 1 Ge ' scale 1:63.30 Ge j fa tvhp 
Pr amb) nm fe? 1? ! ” ’ é " nie let 


Union of South Africa Geological Survey—Pretoria, 1958-59 
Bull. 27. The Chromite Deposits in the Rustenburg Area. G. P. | 
Py 45 pl. 1 +h)! x { 10 Ider ( ry 7% 
and writ ra 7 rh] ' } 4 se] / J 4 r nhler 
Bull. 28. Manganiferous Iron Ore, Hematite, Barite, and Sillimanite on 
Geme (Portion 1), Namaqualand. ©. B. | zeF. Pp. 30: pls. 4. Geol 
Price 4/( fo of " ' eset thatensl asstemael 


for fl , , 


Wyoming Geological Survey—Laramie, 1959. 
Bull. 48. Structure and Petrology of the Northern Big Horn Mountains, 
Wyoming. F. W ' 


‘ y ‘ : . ilable 
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data it is inferred that the range was uplifted vertically, with little tilting, except 
at the margins 


Bull. 50. Mineral Resources of Wyoming. F. W. Osterwacp, Doris B 
OsTeRWALp, J. S. Lone, Jr., and W. H. Wirson. Pp. 259; figs. 4. A catalog 
of known mineral resources of Wyoming 


U. S. Geological Survey—Washington, D. C., 1959. 


Bull. 1028-L. Geology of Umnak and Bogoslof Islands, Aleutian Islands, 
Alaska. F. M. Byers, Jr. Pp. 267-369; pls. 13; figs. 6; thls. 15. Rocks of 
l’mnak Island consist of late Tertiar ind Quaternary volcanic rocks; those of 
Bogoslof Island are composed of historic lavas 


Bull. 1028-M. Geology of Southern Adak Island and Kagalaska Island, 
Alaska. G. D. Fraser and G. L. Snyper. Pp. 371-408; pls. 2; figs. 7; tbl. 1 
These islands are composed of an altered andesitic and basaltic sequence of marine 
pyroclastic deposits and lava flows 


Bull. 1028-N. Some Effects of Recent Volcanic Ash Falls with Especial 
Reference to Alaska. R. E. Witcox. Pp. 409-476; pls. 5; figs. 11. Price, 30 
cents. A mantle of ash more than a few inches thick can radically change runoff 
which in turn has important effects on water supply, agriculture, etc. 


Bull. 1069. Geology of the Thomas Range Fluorspar District, Juab County, 
Utah. M. H. Staatz and F. W. Osterwatp. Pp. 97; pls. 12; figs. 11; tbls. 8. 
The fluorspar deposits are of three types—pipes, veins, and disseminated deposits 
almost all deposits have an abnormally high uranium content. 


Bull. 1072-G. Coal Resources of Trinidad-Aguilar Area, Las Animas and 
Huerfano Counties, Colorado. R. L. HArsour and G. H. Dixon. Pp. 445-489; 
pls. 5: fig. 1 Vearly 3 billion tons of bituminous coking coal are estimated to 
t in beds of mineable thickness 


exist No oul or gas has been discovered 


Bull. 1079. Geology of the Charleston Phosphate Area, South Carolina. 
H. E. Marpe. Pp. 105; pls. 10; figs. 13; thls. 5. Price, $1.75. The phosphate 


rock is ph 


sphatized copper marl reworked into the lower part of the Ladson 
formation, a Pleistocene marine deposit 


Bull. 1082-C. Iron-Ore Resources of the United States Including Alaska 
and Puerto Rico, 1955. Martrua S. Carr and C. E. Dutton. Pp. 61-134; 
pl. 1; fig. 1; thls. 6. Price, 75 cents. The total domestic iron-ore resources are 
estimated at approximately 75,000 million long tons of crude ore 


Bull. 1087-A. Geology of the Garo Uranium-Vanadium Copper Deposit, 
Park County, Colorado. V. R. Wirmartn. Pp. 21; pls. 5; figs. 2; tbls. 2. 
Ore minerals are found in three faulted sandstone beds of the Maroon formation 
of Pennsylvanian and Permian age 


Bull. 1087-C. Uranium Resources of the Green River and Henry Mountains 
Districts, Utah—A Regional Synthesis. H. S. Jounson, Jr. Pp. 59-104; pls. 
4; fig. 1. Price, $1.00. About 78 percent of the reserves in the two districts are 
in the Morrison formation, and about 22 percent are in the Chinle formation 


Bull. 1087-E. Stratigraphy and Uranium Content of the Chattanooga Shale 
in Northeastern Alabama, Northwestern Georgia, and Eastern Tennessee. 


Lynn Grover. Pp. 133-168; pls. 5; figs. 5; thls. 2. Price, $1.00. The average 
uranium content of 25 samples of shale selected in this region is about 0.005 per- 
cent This average is above the regional average since sampling was limited to 
outcrops which gave relatiz high scintillation-counter readings. 
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Bull. 1097-A. Evaluation of the Lead-Alpha (Larsen) Method for Deter- 
mining Ages of igneous Rocks. Davip Gottrriep, H. W. Jarre, and F. E 


SENFTLI Pp. 63; pl. 1; figs. 6; thls. 22. Price, 35 cents. Lead-alpha ages of 
metamorphosed ign ’ " approach the age of metamorphism instead of 
the age of the iqneous activi Discrepancies in measured ages of Precambrian 
su mn are f not satistact ea plained 

Bull. 1106- C. Geophysical Abstracts 178 July-September, 1959. 1). B. Vira 
IANO, S. T. V ESSELOWSKY, al ers. Pp. 261-406. Price, 40 cents {bstracts 
of irrent iiterature pertaimimgd tie physi s of the solid earth and to geophysical 


ex piloration 


Prof. Paper 313-A. The Phosphoria, Park City and Shedhorn Formations, 
in the Western Phosphate Field. V. E. McKetvey and others. Pp. 47; pls 
3; figs. 6: thls. 7. Price, $1.00 The paper proposes a new plan of nomenclature 
for these Permian rocks 

Prof. Paper 316-C. Regional Geophysical Investigations of the Lisbon 
Valley Area, Utah and Colorado. P. E. Byerty and H. R. Jorstinc. Pp 
39-50; pls. 4; figs. 5 The magnetic anomalies in the Lisbon Valley area, located 
in the east-central part of the Colorado Plateau, are caused mainly ! variation 
n the magnetization of the basement rocks 

Prof. Paper 354-A. Intrenched Meanders of the North Fork of the Shenan- 
doah River, Virgina. J]. T. Hack and R. S. Younc. Pp. 10; pl. 1; figs. 5 
thls. 2. Price, 20 cents 1 study of the channel of a river intrenched in hard 


rocks and an analysis of factors that cause tt to meander 





The Department of Creolog ft thy ' ersitv of Malava has been transferred 


from Singapore to the Federatior yt VMalava ine new i follows 





Department of Geology, Universit f Malaya, Pantai \ Lumpur 


Malaya 


Haroip | HOMAS, Research Geologist, Ground Water Branch, Geologica 
Survey has been assigned to Tm for two vears under the auspices of the 
International Cooperation Administratior He will work there with ICA in it 
program to rebuild a ground-water ! tion which functioned at a high level 
of competence during the vears Fre h colonial status As a sert geologist 

in search o rreen pastures ] yorking it in area where there are 
the ruins of a 60 e aqueduct | t the reign of e Re n Empero 


Hadrian 
The Ninth National Clay Conference, sponsored by the Clay Minerals Cor 
mittee of the National Academy of Sciences—National Research Council. will be 
held at Purdue University, Lafayette. Ind 





hort field trip and laboratory sit All those intere n resear¢ 
or technology in fields related to cla r clay minerals are invited to participate 
[wo symposia are planned ot ke neering Aspect oy n-Cher il Prot 


Stanford University received a gift from Detmer L. Dar f | spectacular 
miner ilog cal collection whicl msist f more than 1.000 museur ual tv mineral 
specimens frot ll continents: 5.000 crvstal. mineral and ore specimens for 
student use more than 4,000 specimet f various 1 ks: a library t appt 
mately 200 book n mineralogy, including several rare edition nd | vn 50 
volume index, illustrated in color and black and white 

The Vetlesen Prize “— * antes hed at ( | ’ P 1 ‘ 
G. Unge etles Foundatior itstanding achievement t] sciet 
esulting ea understa ! the eart!l ts t t elation t 
the univers Like the Nobel Prizes , nerann in at ountrv he + 
nated Phe _ e made « tv ears pre led a wort ind 
s presente 1 consist 1 gold medal. ft 11! of $25.000 t su ort ot public 
tion of the re nt pers The | tior so announced that D M RICE 
EWING, geophysicist, oceanograpl rector of Columbia U1 ersit La mt 
Geological Observat is been selected as the first pient ft et eT 
Prize P ntation w ude at a dint it Columbia on Mare 24 ris 
cipal Spe iker as_ Dr \ N WATER) ‘ cairecto t Nat SC1IeT 


ereologists , Y onker N , — les nstrate wnnttns lies 
Bervlomete 1 portable detect that would “do for bervilit we a 
the portable ult et la — ‘ ate , Geig oad ‘ ‘ 
counters have done for uraniur ancl ti) +01 





berg | cnet aL “ ( ! eiberg, (se any 
e 8 to ll 10. Scient sessions will be he m mining etallurg eo 
pl I | . if¢ planned 
lost G SON kt hief geologist of the Du Pont Company's 
Devel ent Department tire n February 29. Februar also marked his 
nauguration a esident the American Institute of Mining, Metallurgical and 
Petroleum Engineers. Dr. Gillson joined du Pont in 1939 after spending three 
‘ ‘ t ployee As chief geologist in the Develop 
ent Depart t, he orations in search of raw materials as well 
nvestigatior gt te upplies, foundation problems and general site 
tude RoBE M. G issue Dr. Gillson’s duties at du Pont ‘ 
I I c 1 mm Geology Division in the department 
Br H. | EI r é t ar rector of the Frontier Refining Company 
Denve “ e the 441 ent of The Ar in Association of Petroleum 
1eO t n A 28 g with him on the Executive Committee will be 
I (. Weet msulting geologist of Westport, Connecticut; Frank B. Con 
ELMA nsulting g¢ f Abilene, Texas: Grorce V. Conger, U. S. Geological 
~ \ ngtor DD { I (sk ER | Mt RRAY, Bovd P otessor. Ceology 
t | tate Unive t Baton Rouge 
War Jub I} ‘ s home in Belmont, Mass " uary If 
1960 at the age 7¢ He Emeritus Professor of Geology and Chairman 
t lepartment e Massachusetts Institute of Technology from 
1934 t retire ent +? A ite retire ent Professor Mea mtinued as 
e ant , om , tructural G re . | inecring 
ty ‘ 
Be Gs ENI t n geo s and seismology ind unt 
etirement two y« f irector the Se ological Laboratory of the 
{ t nstitute p ed in | lena, California on January 25 
ter C ; re }] /{ ‘ s « 
] B. Parr ; nted State Geologist of Indiana and Chairmar 
the De tment of Ge t na University Dr. Patton has been serving 
n ar tit tv it t nce the death of Dr. Cuaries F. Detss 
n Tu 19590 
k » H the ye tment « Geology of the California Institute 
‘ echt ' nted Chairman of the Division of Eart Science 
t Penr tate, effect | 1960, succeeding O. FRANK rLe 
( e BBLEFIELD | een appointe Direct vf the Ce gical Survey < 
Great Brit ul Mi t Geology, London, ir iccession to S 
\ u | I et ! 8. Dr. Stubblefield, who is 58, has beer 
th t ‘ Og 1 e 1928, as Paleontologist and latter 
Assistant Director 
Br } 1. O'N: t tl Ne lersey Zinc Cor 1 to join the 
Son Stanford Re , 1 geologist 
ng nt ! é rship: Leonrpas T. Barrow, Houston, Tes 
( RLE HAs B ( lo; Roy Hazzarp, Rockspring lexa 
SAMUEL H. k \ g: Ror r B. Mos | idena, Califorr 
nd Epncar W. Ows 4 exa 
Henry 1 Geol | ma State Universit 
peen I en t t ve Me Me lal the AA P.G the 
. 
| 








428 SCIENTIFI ITES AND NEWS 


highe st honor im petroleum geolog Dr Howe 


is the 13th recipient of this 


award which is made in recognition of distinguished and outstanding contributions 


to or achievements in petroleum geology 


Shell Companies Foundation, Inc. announces that it will contribute $1,430,000 
in 1960 for educational, charitable, religious, and public service organizations. The 
amount, one of the largest in industry and a new high for the Foundation, is made 
possible by substantial gifts which the Foundation 


has received from Shell Oil 
Company and its subsidiaries 


his marks the sixth successive year that the 
Foundation budget has exceeded a million dollars. 


Aid-to-education programs 
receive the largest share of the budget—approximately $900,000, 


an increase or! 
more than $200,000 over 1959 
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The Improved SAMPSON-PATMORE 
ROCK POLISHING MACHINE 


Diamond-abrasive polishing preceded by fine 
grinding! With this method, the average 
» Speed electrically ore specimen may be fine ground and pol 
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1,000 r.p.m. polishing, three 8-in. laps, covered with silk 


bolting cloth, are used with diamond abra 
; ; sives at speeds from 350 to 800 r.p.m. or 
®@ Silent operation more depending on the material being pol- 
ished. The laps, fitting a single spindle, are 
interchanged in a matter of seconds as grind- 

ing and polishing progress. 
Made by the makers of the For description of Professor Sampson's method, 
ISODYNAMIC see Economic Geology, Vol. 51, No. 5, August, 
Magnetic Separator 1956. Write for Bulletin 
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